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Abstract 
Since the discovery of the Asian kelp, Undaria pinnatifida, in Wellington, New 
Zealand in 1987, interest has been expressed in the wild harvest or cultivation of this 
edible species. As there is little data on the ecology of this species outside its native 
habitat, the objectives of this study were to investigate the seasonal ecophysiology of 
Undaria pinnatifida in Otago Harbour, New Zealand, to enable a more informed 
appraisal of the potential impacts of U. pinnatifida on New Zealand's coastal 
ecosystems. 
Field investigations showed that sea surface temperature correlated with blade 
growth rate of Undaria pinnatifida, however, evidence for the environmental control of 
sporophyte senescence was equivocal. Seasonal variation in blade and stipe growth rate, 
and sporophyll development, produced a temporal cline of morphological traits 
characteristic of both f. typica and f. distans. Phenotypic response to environmental 
factors produced an extreme morphology of U. pinnatifida f. typicfl. (=f. narutensis), 
which was morphologically similar to U. undarioides. The seasonal growth pattern of U. 
pinnatifida sporophytes in Carey's Bay was typical of a seasonal annual (sensu Sears and 
Wilce 1975). Also, the seasonal changes in sporophyte population structure did not 
indicate the persistence of successive cohorts through to the next season. Recruitment of 
U. pinnatifida sporophytes showed a variable response to environmental factors, which 
may enable U. pinnatifida to colonise regions over a wide latitudinal range and 
environments which differ from those experienced in its endemic habitat. The 
development of gametophyte cultures indicated that the physiological requirements of 
vegetative and reproductive development occured for U. pinnatifida over the 
temperature range similar to that of Otago Harbour (7 -l6°C). This may indicate an 
adaption to sub-optimal temperatures, enabling U. pinnatifida to complete its lifehistory 
at temperatures which are lower than those experienced in its native habitat. 
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Associated with an increase in the frequency and spread of trade over much of 
the planet Earth, has been the spread of organisms linked to human activity (Zibrowius 
1991, Minchin 1996). Many of these organisms are of benefit to humans, however, 
such exchanges have not always been viewed as beneficial to the environment. 
Organisms which have been intentionally or accidentally introduced to new regions are 
often assimilated with little effect to their host ecosystem, while others rapidly invade 
the host ecosystem and irreversibly modify the host environment (Hayward 1997). 
Although an extensive literature is available on introductions to freshwater and 
terrestrial habitats (Drake eta!. 1989, Mooney and Drake 1986, di Castri eta!. 1990, 
Pieterse and Murphy 1990, Groves and di Castri 1991 ), the documentation of marine 
introductions remains problematic because the differentiation of introduced and 
indigenous species is often prevented by a lack of historical data (Carlton 1989, 
Grosholz and Ruiz 1995). 
The spread of marine seaweeds provide an opportunity to study the mechanisms · 
and effect of marine introductions. With few exceptions, the natural capacity of long-
distance dispersal in seaweeds is limited (van den Hoek 1987), and the appearance of an 
invasive seaweed outside its natural habitat is usually the result of an introduction 
(Verlaque 1994 ). Provided a systematic flora exists for both the region of origin and 
2 
introduction, introduced seaweeds can be identified. The sedentary nature of seaweeds 
makes further study of their distribution and spread easier than for more mobile 
organisms. 
1.1 THE SPREAD OF INVASIVE SEA WEEDS. 
Amongst the invasive macro-algae, three species stand out as being most widely 
studied; Sargassum muticum (Yendo) Fensholt, Caulerpa taxifolia (Vahl.) C. Agardh 
and Undaria pinnatifida (Harvey) Suringar. The introduction of Sargassum muticum to 
the Pacific coast ofNorth America in the 1940s and its spread to Baja California by 
1971 (Ambrose and Nelson 1982) was followed by the discovery of S. muticum at 
Bembridge on the Isle ofWight in 1973 (Farnham et al. 1973, Jones and Farnham 1973) 
and in the estuary ofThau, Mediterranean sea in 1980 (Belsher et al. 1985, Knoeffler-
Peguy et al. 1985, Knoeffler et al. 1990). Much of the ensuing research has centred 
about the description of its spread (Boalch and Potts 1977, Deysher and Norton 1982, 
Critchley 1983a, 1983b, Critchley et al. 1983), competitive ability (Fernandez et al. 
1990), growth (Norton 1977a, Hales and Fletcher 1989), and reproductive ecology 
(Deysher 1984, Fletcher 1980, Hales and Fletcher 1990). 
Sargassum muticum was initially introduced to North America and Europe via 
the importation of Japanese oysters (Crassostrea gigas; Scagel 1956, Druehl 1973, 
Critchley and Dijkema 1984, Knoepffler-Peguy et al. 1985). Further spread was 
favoured by the presence of bladders which enable monoecious algae to drift over large 
distances and a single alga to seed a population (Norton 1976). Furthermore, the rapid 
growth and opportunistic habit of S. muticum, combined with a perenniallifehistory, 
enable it to exclude competing macrophytes (Norton 1976, Fernandez et al. 1990). 
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The canopy of Sargassum muticum inhibits the recruitment and growth of other 
algae by shading and promoting sedimentation (Ambrose and Nelson 1982, Critchley 
1983b, Belsher and Pommellec 1988). While epiphytes have been observed on S. 
muticum (Withers et al. 1975), the invading population tends to be monospecific 
(Jephson and Jones 1977, Nienhuis 1982, Critchley et al. 1987) and results in the 
exclusion offucoid seaweeds (Fletcher and Fletcher 1975), Scytosiphon lomentaria 
(Nicholson et al. 1981), Macrocystis pyrifera (Ambrose and Nelson 1982), Cystoseira 
baccata (Gorostiaga et al. 1988), Laminaria spp. and Zostera marina (Givemaud et al. 
1991). As well as excluding indigenous algae, the S. muticum canopy is a nuisance to 
human activities. Large buoyant mats create an eyesore and a physical hindrance to 
shipping. The alga may also clog intake pipes, propellers and foul commercial fishing 
lines and nets (Critchley et al. 1986). It has been estimated that S. muticum accounts for 
30% of lost revenue to oyster mariculture on the Atlantic coast, due to reduced 
productivity of cultivated oyster beds (Belsher 1994, Verlaque 1994 ). 
Perhaps the most alarming example of an invasive alga is the chlorophyte, 
Caulerpa taxifolia. This alga was introduced to the Mediterranean in 1984 as an 
escapee from a public aquarium at Menton, France (Meinesz and Hesse 1991, Meinesz 
1992, Verlaque 1994), and has since spread to cover an area of 1300 ha. (de Villelle and 
Verlaque 1995). Beds may be found as far afield as Cala d'Or, Majorca and Livomo, 
Italy; 600 km and 240 km from the original site of introduction (Meinesz et al. 1993). 
A high capacity for vegetative propagation, persistence throughout the year and the 
synthesis ofbioactive substances, enable C. taxifolia to invade healthy beds of the 
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seagrass, Posidonia oceanica (L.) Delile until it forms monospecific stands at depths 
between 5 and 25 metres (Meinesz and Hesse 1991, de Villelle and Verlaque 1995). 
Initial research described the spread of C. taxifolia (Meinesz 1992, Meinesz and Hesse 
1991, Meinesz et al. 1993). More recent publications address the impact of C. taxifolia 
on indigenous marine macrophytes and indicate that C. taxifolia reduces the richness 
and diversity of invaded ecosystems (Verlaque and Fritayre 1994, de Villelle and 
Verlaque 1995, Bellan-Santini et al. 1996). Caulerpa taxifolia is able to disperse over 
long distances as fouling of fishing nets or boat anchors, and is able to grow vigorously 
over a wide range of temperatures (Sant et al. 1996, Komatsu et al. 1997). This has lead 
to suggestions that C. taxifolia may spread to all regions of the Mediterranean sea 
(Komatsu et al. 1997). 
Undaria pinnati.fida is a native of Japan, Korea and China which has spread to 
many regions outside its endemic habitat; the French Mediterranean (Perez et al. 1981 ), 
the French Atlantic (Floc'h et al. 1991), Spain (J. Otero-Schmitt 1996, pers. com.), 
New Zealand (Hay and Luckens 1987), Tasmania (Sanderson and Barrett 1989), 
Argentina (Casas and Piriz 1995), Venice, Italy (Curiel et al. 1994), the Channel Islands 
(R.L. Fletcher 1996,pers. com.) and England (Fletcher and Manfredi 1995). Undaria 
pinnati.fida was introduced initially to l'Etang de Thau with the Japanese oyster, 
Crassostrea gigas (Floc'h et al. 1991 ). Persistence of propagules within ballast water 
has been suggested as the means of introduction of U pinnati.fida to Tasmania and New 
Zealand (Sanderson 1990, Hay and Luckens 1987, Stapleton 1988). Dispersal of U 
pinnati.fida as fouling upon the hulls of boats has been suggested as the mechanism of 
introduction to England (Fletcher and Manfredi 1995) and coastal dispersal about New 
Zealand (Hay 1990a). The transfer of U pinnati.fida from the French Mediterranean to 
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the French Atlantic coast in 1983, for the purpose of commercial mariculture (Perez et 
al. 1984), was attempted on the assumption that U pinnatifida would be incapable of 
reproducing in the cool Brittany waters. However, the subsequent discovery of a wild 
population at Ouessant in the Bay ofLampul (Floc'h et al. 1991), indicated that U 
pinnatifida was able to complete its lifehistory in the French Atlantic. The successful 
commercial cultivation of this species in France, along with the collapse of the industry 
in Japan, has lead to increased interest in the culture of U pinnatifida in other countries 
of introduction (Hay 1992, Perez et al. 1992a,b ). This interest, combined with the 
remarkable facility of U pinnatifida for transoceanic migration, emphasises the need for 
a greater understanding of U pinnatifida with regard to its ecology and methods of 
dispersal. 
1.2 CLASSIFICATION AND LIFEHISTORY OF UNDARIA PINNATIFIDA. 
The genus Undaria (class Phaeophyceae, order Laminariales, family Alariacae.) 
is native to Japan and comprises three species, U pinnatifida (Harv.) Sur., U 
undarioides (Yendo) Okam., and U peterseniana (Kjellm.) Okam. (Saito 1975). 
Differentiation of Undaria into species is based on frond morphology. Blades of 
both U pinnatifida and U undarioides contain a central midrib, but U pinnatifida has a 
pinnate frond and the blade of U undarioides is entire. Blades of U peterseniana are 
entire but midribs are reduced to thickened median fasciae (Saito 1972). Each species 
of Undaria inhabits a separate niche. Both U pinnatifida and U peterseniana grow 
upon rocky substrata, but U pinnatifida has a depth range of 2-16 m and prefers warmer 
water. Undaria peterseniana grows at a depth of 2-6 m in areas subject to stronger 
current flow, and U undarioides inhabits rocky-sand or hardened sandy-muddy 
substrata at depths of 4-20 m (Saito 1975). 
Undaria pinnatifida has an annual, heteromorphic lifecycle characterised by 
macroscopic sporophytic and microscopic gametophytic stages (Figure 1 ). The 
sporophylls of Undaria are produced at the base of the stipe and consist of fluted and 
sinuate thickenings along each edge of the stipe, bending laterally around the stipe in 
such a way as to give the appearance of a single helix (Hay 1990a). Microscopic sacs 
are arranged at the margins of each sporophyll and release spherical, biflagellated 
zoospores of 5-6 1-1m diameter (Perez et al. 1981 ). Sedentary gametophytes mature 
approximately 20 days after germination of the zoospore and the males produce motile 
sperm with two flagella of unequal length. A non-motile egg is fertilised, divides and, 
once the young zygote is about 1 em long, adheres to the substratum. This then 
develops into a mature sporophyte (Figure 1 ). 
1.3 THESIS OBJECTIVES. 
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Since the discovery of Undaria pinnatifida in New Zealand, interest has been 
expressed in the wild harvest or cultivation of Undaria pinnatifida (Hay 1992). As 
there are few data on the ecology of this species outside its native habitat, research of U 
pinnatifida in New Zealand is required in order to facilitate a more informed assessment 
of the possible ecological impact of U pinnatifida. The primary focus ofthis study 
involved an investigation of the life history of U pinnatifida in relation to seasonal 
environmental change. That is to say, an investigation of the seasonal phenology and 
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Figure 1 : Annual lifehistory of Undaria pinnatifida showing the alternation 
between heteromorphic generations of sporophyte and gametophyte. (Not drawn 
to scale.) 
The objectives ofthis study were four-fold: 
1. To investigate annual variation in growth and productivity of a wild population of 
Undaria pinnatifida in relation to enviroillllental conditions of light, nutrients and 
temperature. 
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2. To determine the effect of growth rate on seasonal morphological variation exhibited 
by Undaria pinnatifida in Carey's Bay. 
3. To investigate the phenology of Undaria pinnatifida in the field and elucidate 
possible environmental factors influencing gametogenesis. 
4. To determine which environmental factors affect gametophyte growth and 
gametogenesis in Undaria pinnatifida under controlled laboratory conditions. 
Chapter 2 describes results of field experiments to estimate seasonal variation in 
the productivity of U pinnatifida sporophytes from Otago Harbour, using the area of 
constant biomass method (Mann and Kirkman 1981 ). In addition to the estimation of 
productivity, comparison of U pinnatifida growth rates with ambient nitrate, 
temperature and PFD will indicate the effect of environmental factors on the growth rate 
of U pinnatifida sporophytes in Carey's Bay. The importance of nutrient storage to the 
annual growth cycle of U pinnatifida will be investigated by comparing seasonal 
variation in C/N ratios, nitrate availability and sporophyte growth rates. An 
investigation of the effects of growth rate on U pinnatifida morphology in Carey's Bay 
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is presented in Chapter 3. Seasonal variation in sporophyte morphology will be 
analysed using correspondence analysis, and compared to seasonal variation in blade 
and stipe growth rates. Morphological variation of U pinnati.fida in Carey's Bay will 
then be discussed in relation to the current taxonomic classification of U pinnati.fida 
and its forms. Chapter 4 describes the seasonal changes in the population structure of 
U pinnati.fida, and recruitment of the sporophyte generation. Through examination of 
population structure and the appearance of successive sporophyte generations, this 
chapter will determine the phenology of the U. pinnati.fida sporophytes in Carey's Bay. 
The findings will be discussed in relation to current interpretations of U pinnati.fida 
phenology in New Zealand, and compared to the phenology of other U pinnati.fida 
populations about the world. As an extension of the field experiments on U pinnati.fida 
recruitment, Chapter 5 investigates the interactive effects of PFD and temperature on the 
growth and maturation of U pinnati.fida gametophytes under controlled laboratory 
conditions. To simulate field conditions, gametophytes will be grown at temperatures 
similar to those experienced in Carey's Bay. A general discussion of the possible 
implications of this research to the impact of U pinnati.fida on New Zealand's coastal 
ecosystems is contained in Chapter 6. Further avenues of research will be suggested and 
the more poignant issues involving the spread of U pinnati.fida will be discussed. 
Chapter 2 
Seasonal growth and productivity of 
Undaria pinnatijida. 
2.1 INTRODUCTION. 
Laminarian kelps are widely distributed in temporal and sub-tropical oceans 
where they are major contributors to the productivity of near-shore sublittoral 
ecosystems (Mann 1973). The importance of kelps to sub-littoral ecosystems has lead 
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to investigations of seasonal variation in growth rates and productivity (Sargent and 
Lantrip 1952, Buggeln 1974, Chapman and Lindley 1981, Larkum 1986). The results of 
non-manipulative studies suggest that light intensity, temperature and nutrients are 
important factors influencing the growth rates and productivity of laminarian kelps 
(Jackson 1977, Wheeler and North 1981, Wheeler and Druehl1986, Gendron 1989, van 
Tussenbroek 1989, Sj0tun and Gunnersson 1995). This has been confirmed by 
experimental studies (Chapman et al. 1978, Wheeler and North 1980, Dean and 
Jacobsen 1984, Fei and Neushul 1984, Shivji 1985, Kirkman 1989). 
Seasonal patterns of growth rates in laminarian kelps may be in direct response 
to seasonal variation of limiting environmental factors (Kain 1989). However, in some 
laminarian kelps, growth rates are independent ofPFD, temperature and nutrients 
(Luning 1979). Growth rates may not correlate directly to ambient PFD and nitrogen, 
but are regulated by the storage of nitrogen and carbohydrate reserves, in response to 
seasonal variation in nutrient availability ambient PFD (Chapman and Craigie 1977). 
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Conolly and Drew (1985a,b) found that the growth rates of Laminaria saccharina and 
L. digitata were considerably enhanced by the application of nitrogen and phosphorus 
during spring and summer; summer growth rates were correlated to nitrogen and 
phosphorus reserves accumulated during winter and spring, whilst carbohydrate 
accumulation was inversely correlated to growth rates, tissue nitrogen and tissue 
phosphorus. When growth rate was nitrogen limited during summer, carbohydrates 
were stored and subsequently used for growth, when nitrogen became available in 
autumn. Inorganic nitrogen was stored when growth rate was carbohydrate limited 
during winter and utilised when daylength increased in spring (Connolly and Drew 
1985a,b ). Similar patterns of growth rate and nutrient storage have been observed for 
Laminaria longicruris, Macrocystis pyrifera and M integrifolia (Chapman and Craige 
1977, Gagne et al. 1982, Rosell and Srivastava 1985, Wheeler and North 1981, 
Zimmerman and Kremer 1986, Gendron 1989). 
More recent studies of growth rate and nutrient storage in Laminaria 
hyperborea, L. digitata, L. saccharina, L. setchellii and Ptergophora californica, have 
detected circannual rhythms entrained by photoperiod (LUning 1991, tom Dieck 1991, 
Luning and Kadel1993, Schaffelke and Luning 1994). Annual fluctuations of mannitol 
and laminaran are also entrained by photoperiod in L. hyperborea (Schaffelke 1995). 
The endogenous control of growth rate and nutrient storage enables perennial kelps to 
'anticipate' (sensu Kain 1989) seasonal variations in environmental conditions, and is 
most apparent in perennial kelps which initiate growth from reserve carbohydrates in 
conditions of low light or even complete darkness, such as Laminaria solidungula and 
L. hyperborea (Chapman and Lindley 1981, Luning 1969a, 1970, 1986). There is also 
some evidence to suggest that the seasonal growth cycle of L. saccharina, L hyperborea 
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and L. digit at a is influenced by photoperiod, rather than the availability of nutrients and 
solar energy, in the field (Luning 1979, Sj0tun 1993, Sj0tun and Gunnersson 1995, 
Sj0tun eta!. 1996). 
Although the mechanisms influencing the seasonal growth patterns of perennial 
kelps are well documented (Kain 1989, Ltining 1982, 1993), there are few studies 
investigating the seasonal variation in growth rates of annual species. Studies of annual 
seaweeds describe seasonal growth based on monthly measurements of seaweed length, 
lamina-area index and standing crop (Roland 1984, Schiel 1985, Koh and Shin 1990, 
Hay and Villouta 1993, Tsutsui and Ohno 1993, Maxell and Millar 1996, Flores-Moya 
1997). Other studies have investigated seasonal variation in blade growth rate of 
Pelagophycus porra, Phyllariopsis purpurascens, Saccorhiza polyschides and Undaria 
pinnatifida (Norton and Burrows 1969a, Coyer and Zaugg-Haglund 1982, Flores-Moya 
eta!. 1993, Ishikawa 1993), and productivity estimates have also been calculated for P. 
purpurascens (Flores-Moya eta!. 1993). Although these studies describe seasonal 
growth and productivity, the effects of the environment on seasonal patterns of growth 
rate is little understood in annual kelps, compared to perennial species. 
Existing evidence ofthe role of proximate and ultimate factors (sensu Luning 
and tom Dieck 1989) on the growth rate of annual kelps is equivocal. Seasonal 
variation in growth rate has been correlated with daylength, temperature and nutrient 
availability (Coyer and Zaugg-Haglund 1982, Maxell and Millar 1996). However, other 
studies have suggested that seasonal growth rates are curtailed by reproductive 
development, rather than the direct effects of environmental factors (Norton and 
Burrows 1969a, Maxell and Millar 1996). Although the cessation of growth may 
signify the allocation of assimilates to reproduction rather than linear growth, 
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reproduction does not impose a cost to seaweeds (De Wreede and Klinger 1988). More 
studies are required in order to address the mechanisms regulating seasonal growth and 
reproduction in annual seaweeds. 
2.1.1 Modelling kelp productivity. 
Direct estimates of seaweed productivity assume that annual production is 
approximately equivalent to peak annual biomass (standing crop; Luning 1969b). 
However, these estimates are considered inaccurate as productivity may exceed peak 
biomass production by 35-50% because ofthe rapid turnover of photosynthetic 
compounds (Brinkhuis 1977, Hatcher et al. 1977). This turnover is no better 
demonstrated than by members of the order Laminariales. These seaweeds grow from 
meristems situated between the stipe and the main portion of the blade, with blade 
growth acting like a moving belt of tissue. Tissue is added at the blade base, travels 
along the length of the blade and is eroded from the distal end (Figure 2). It has been 
estimated that the yearly growth increment may be between 1 to 5 times the initial 
length of the seaweed (Mann 1972). 
An alternative to direct methods of productivity estimation involves measuring 
growth increments from the movement of holes punched in the thallus (Parke 1948). A 
number of models are then used to estimate productivity (Table 1 ). Productivity may be 
estimated from the empirical relationship between biomass, blade length and blade 
growth (Mann 1972). Power (exponential) and chordal models fall into this category, 
but these do not take into consideration blade erosion, as the empirical relationship of 
biomass to blade length is calculated using plants which have already been eroded 
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Before growth period 






Figure 2: Diagram showing (A) Undaria pinnatifida before growth period. (B) The 
distribution of weight per unit length (w/~ along the blade axis, defining an area 
of growth (a~ b), maximum biomass (b~ c) and erosion (c~). (C) The original 
plant in A (shaded) with new growth at the blade base (unshaded). (D) The new 
biomass distribution showing the area of growth (a'~ b'), region of added 
biomass (b'~ b), region of maximum biomass (b'~ c) and erosion (c~). 
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(Mann and Mann 1981 ). These methods may over-estimate productivity by 63-70% 
(Gagne and Mann 1987). 
To improve the accuracy of productivity estimates, the area of constant biomass 
model was developed for Ecklonia radiata and E. maxima (Mann et al. 1979, Mann and 
Kirkman 1981 ). Unlike the power and chordal models, the area of constant biomass 
model does not require the calculation of weight-length relationships and is based on the 
assumption that the blade of E. radiata can be divided into three zones; (1) a basal zone 
where all primary and secondary growth result in increasing blade biomass; (2) a region 
of maximum biomass and (3) a region where erosion results in decreasing biomass 
(Figure 2B). Assuming that the region of maximum biomass remains relatively 
constant over time, biomass per unit length can be calculated for this zone and 
multiplied by the increase in blade length to give an estimate of blade biomass 
production. 




Area of Constant Biomass p = g x w/ l 
where P : productivity 
a and b : coefficients of weight to length relationship (W = aL b) 
g : linear growth increment of blade 
w : weight of section cut in area of maximum biomass 
l : length of cut section 
L, : initial blade length 
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To determine their relative accuracy, three models (Table 1) were used to 
estimate kelp productivity in Laminaria longicruris, and compared to direct 
measurements of productivity (Gagne and Mann 1987). Productivity was measured 
directly by removing the seaweeds from the sea for measurement of length and 
weighing, before and after a growth period. At the conclusion of the experiment, these 
seaweeds were harvested and direct measurement of the weight and blade length were 
made. As no biomass was lost to erosion throughout the experiment (Gagne and Mann 
1987), this technique gave a measurement of the actual production of blade biomass. 
Power (exponential) and chordal models (Mann 1972) yielded similar estimates 
of productivity, but productivity estimates ranged from 65-100% of the actual 
productivity depending on whether population productivity or mean individual blade 
production were considered (Gagne and Mann 1987). The area of constant biomass 
(Mann and Kirkman 1981) and blade biomass (direct measurement) models over-
estimated total sample (as opposed to individual) production by 20%. However, errors 
produced by the area of constant biomass model were independent of blade size and 
could therefore be corrected by a single factor regardless of the population's size 
composition (Gagne and Mann 1987). Because of inaccuracies due to the effects of 
erosion in the power and chordal models, the area of constant biomass model was 
considered to give the most accurate estimate of productivity. 
There have been no studies to date examining the seasonal rates of growth and 
production for Undaria pinnatifida in New Zealand, or attempts to determine the 
environmental factors controlling growth rate and productivity. This chapter describes 
results of field experiments from December 1993 to January 1995 to estimate seasonal 
variation in the productivity of U pinnatifida from Otago Harbour, New Zealand, using 
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the area of constant biomass method (Mann and Kirkman 1981 ). In addition, the 
environmental factors, ambient nitrate, sea surface temperature and PFD, were 
monitored to determine if they were related to seasonal changes in growth rate. Tissue 
carbon and nitrogen were also monitored to assess the seasonal variation of C/N ratio in 
relation to seasonal variations in nitrate availability and growth rate. 
2.2 MATERIALS AND METHOD. 
2. 2.1 Study site 
Since the discovery of Undaria pinnatifida in Lambton Harbour, Wellington, in 
1987 (Hay and Luckens 1987), U pinnatifida has spread along the eastern coast ofNew 
Zealand to seven ports from Napier in Hawke Bay, to Otago Harbour (Figure 3). The 
most recent introduction was reported within Paterson Inlet, Stewart Island (L. 
Chadderton 1997 pers. comm., Miller et al. 1997, Figure 3A). Undaria pinnatifida 
currently occurs at four sites within Otago Harbour; the container terminal wharves at 
Koputai Bay, Port Chalmers; Aquarium Point; Carey's Bay and Deborah Bay (Figure 
3B-C). 
Within Carey's Bay, Undaria pinnatifida occurs on wooden piles of a marina 
situated 20-30 m from the shore (Figure 4), where it forms a continuous fringe about the 
standards from ML W to a depth of 1 m (Figure 6). Isolated clumps of U pinnatifida are 
found attached to the piles to a depth of 5 m and also grow on refuse on the muddy 
harbour floor e.g. wire rope and wooden planks. Undaria pinnatifida also forms a dense 
canopy immediately below the water-line of vessels moored continuously at the marina 
(Figure 5) and on mooring ropes that are continuously submerged. It is also present on 









Figure 3: Distribution of Undaria pinnatifida around New Zealand (A) and Otago 
Harbour (B). Napier 1, Wellington 2, Picton 3,Lyttelton 4, Timaru 5, Oamaru 6, 
Otago Harbour 7 and Stewart Island 8. Dotted line represents the present 
distribution of Undaria pinnatifida (Russell 1997, pers. obs. 1998). Detail of Port 
Chalmers (C), including study site ( •:• ), and Portobello Marine Laboratory ( • ). 
Figure 4: Study site at Carey's Bay Marina, Otago Harbour (photograph taken 
20/11/95). 
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Figure 5: Undaria pinnatifida sporophytes growing on the hull of an oyster dredge 
moored within Carey's Bay (photograph taken 20/11/95). 
Figure 6: Collar of Undaria pinnatifida sporophytes growing at MLW about a 
mooring pile within Carey's Bay (photograph taken 20/11/95). 
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Figure 7: Sporophytes of Undaria pinnatifida growing on the sublittoral fringe of 
the rocky shore within Carey's Bay (photograph taken 20/11/95). 
the rocky shore, adjacent to the marina, where clumps of several seaweeds grow 
attached to boulders (Figure 7). 
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The Carey's Bay site is exposed to north-east winds, which are the prevailing 
summer sea breeze, and experiences a moderate tidal current. The tidal range is 2.3 m 
and water clarity is poor (type 9, J erlov 197 6), with divers rarely experiencing visibility 
exceeding 1 m (pers. obs. ). Dominant algae growing in association with Undaria 
pinnatifida are Bryopsis plumosa (Hudson) C. Agardh, Cladophoraferedayi Harvey, 
Codiumfragile (Suringar) Hariot, Desmarestia ligulata (Lightfoot) Lamoureux, 
Enteromorpha compressa (Linnaeus) Nees, Mediothamnion lyalli (Harvey) Gordon, 
Phycodrys quercifolia (Bory) Skottsberg, Rhodymenia leptophylla J. Agardh, R. 
foliifera (Harvey) and Ulva rigida C. Agardh. Colonial ascidians (Aplidium phortax 
and Bostryllus leachi) form large mats under the canopy of U pinnatifida over the 
summer and A. phortax may persist over winter. Epiphytes growing on the blades of U 
pinnatifida become more predominant between January and March, and include 
bryozoans (Bugulajlabellata and Fenestrulina malusii), hydrozoans (Orthopyxis sp. and 
Plumularia setacea), solitary ascidians (Corella eumyota and Ascidiella aspersa), and 
epiphytic algae, Ceramium spp. (pers. obs.). A full list of subtidal species encountered 
at the study site is contained in appendix A. 
2.2.2 Region ofblade elongation. 
In order to apply the area of constant biomass model to Undaria pinnatifida, 
holes must be punched distal to the blade meristem. If the holes are punched within the 
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meristematic tissue, the measured increment of growth is not representative of the total 
blade growth. To determine the location of the meristematic region in the blade of U 
pinnatifida, thirty sporophytes, each with a frond length greater than 30 em, were 
randomly selected on wharf pilings and labeled with PVC tape in the middle of each 
month from December 1993 to February 1995 using SCUBA. of similar morphology 
(holdfast, stipe and blade with secondary division) were tagged in situ with plastic 
electrical insulation tape labeled with indelible marker. Tags were attached to the algae 
by wrapping the tag about the stipe. Holes (0.2 em diameter) were punched along the 
blade at 5 em± 0.5 em increments starting at the junction of the stipe and blade. The 
seaweeds were punched during November 1994 and harvested after 21 days. The 
position of the punched holes was then measured relative to the base of the lamina and 
subtracted from their initial position, giving a value of elongation. Elongation for a 
specific region was expressed as a percentage of total blade elongation. Values :::;1 em 
(assuming an error of 0.5 em at each end of the interval) were omitted as the summation 
of these errors in subsequent analysis skewed the data. 
2.2.3 Growth, productivity and blade biomass. 
Thirty sporophytes, each with a frond length greater than 30 em, were randomly 
selected on wharf pilings and labeled with PVC tape in the middle of each month from 
December 1993 to February 1995 using SCUBA. Stipe length and the length of each 
sporophyte (stipe and blade) were measured to the nearest 1 em in situ. Two holes (5 
mm diameter) were punched, one each side of the midrib, 1 0 em from the base of the 
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blade. Sporophytes were harvested 3-4 weeks later and the length of the stipe and total 
sporophyte length (frond length) were re-measured. Relative growth rates (1-L) where 
expressed relative to frond length, blade length and stipe length using the following 
formula (Kain 1987a): 
where L1 = initial length (em) 
L2 = final length (em) 
T r T 1 = duration of experiment (days) 
The distances of the holes from the base of the blade were measured and algae 
were then cut into holdfast, stipe, sporophyll and blade sections. The blade was further 
divided into 50 mm horizontal segments. All cut portions of stipe and blade were 
wrapped in pre-weighed aluminium foil and their fresh weights recorded. Dry weight 
was measured after each portion had been dried to constant weight at 80°C. 
Mean primary productivity per plant (sporophyte) was estimated using the 
equation (Larkum 1986): 





where x (primary blade elongation)= distance moved by hole (em), w =maximum 
biomass (g dry wt. or g fresh wt.) per 5 em region of frond, t =duration of experiment 
(days) and n = number replicate sporophytes. 
Unlike Ecklonia radiata (Mann and Kirkman 1981 ), no area of constant biomass 
was found for Undaria pinnatifida. For this study, w was therefore defined as the mean 
biomass of the region of frond where the weight per 5 em region of the frond was the 
greatest. This was determined from the maximum moving average of biomass 
(averaged for three consecutive strips). Estimates of productivity were expressed as 
grams dry weight and fresh weight. 
Estimates of annual productivity (kg dry wt. m-2. y-1) were calculated by 
multiplying the monthly productivity estimates (g dry wt. plant-1. d-1) by the mean 
density of mature (total length> 30 em) seaweeds. Seaweed density was calculated 
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from data contained in Chapter 4. Monthly productivity on a carbon basis (g C. m-2. d-
1 ), was calculated by multiplying estimates of monthly mean productivity (g dry wt. 
planr1. d-1) by the mean carbon content ofthe seaweed blade for a given month. 
Monthly estimates of productivity were summated to give an estimate of annual 
productivity. All productivity estimates were log transformed for normality and 
differences between monthly values were compared using ANOVA and Duncan's new 
Multiple Range Test (MRT) in the statistical system, Teddybear (Wilson 1975). 
2. 2. 4 Environmental factors, tissue carbon and nitrogen. 
Daily measurements of sea surface temperature (SST) were provided by the 
Portobello Marine Laboratory, situated opposite Carey's Bay on Otago Harbour (Figure 
3C) and were averaged over each month. Monthly mean PFD was provided by the 
National Institute of Water and Atmospheric Research Ltd (NIWA) and collected at 
Dunedin Airport situated 40 km south of Carey's Bay. As data for December 1994 and 
January 1995 were not available, data were estimated from the averages ofthe mean 
monthly PFD from 1993 to 1997. 
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Seawater samples were collected from 1 m depth each fortnight and analysed for 
nitrate (nitrate plus nitrite) using a Chemlab auto-analyser following a colourmetric 
technique based on Strickland and Parsons (1968). Monthly Undaria pinnatifida 
samples from blades of three seaweeds were dried to constant weight at 80°C and 
ground to a fine powder using an electric mill (Janke and Kunkel IKA Labortechnik, 
MFC). Samples were analysed for carbon and nitrogen using a Dumas elemental 
analyser (Carlo Erba Analyser- NA1500) interfaced to an isotope mass spectrometer 
(Europa Scientific Tracermass). Differences between monthly values of seawater 
nitrate, tissue carbon and tissue nitrogen were tested using ANOVA and Duncan's new 
MRT. The relationships between growth rate and environmental variables were 
determined by multiple-regression analysis and the contribution of each variable to the 
overall regression was calculated according to Snedecor and Cochran (1980). Data 
analysed using ANOV A were log transformed for normality and all statistics were 
conducted using the statistics package, Teddybear (Wilson 1975). 
2.3 RESULTS. 
2. 3.1 Seasonal growth rate of Undaria pinnatifida. 
The rate of blade growth increased from a minimum in May and June 1994 to a 
maximum rate of 1.12 ± 0.05 em day -1 in July 1994 (Figure 8A). This maximum rate 
was maintained until November 1994, at which time growth rate decreased, reaching a 
minimum of0.15 ± 0.04 em day -1 in February 1995. In contrast to blade growth rate, 
frond growth rate was maximum during July and August (1.07 ± 0.08 em day -1) but 
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Figure 8: Growth rates of Undaria pinnatifida measured from December 1993 to 
February 1995. Total growth rate represents the summation of stipe growth, !:::l 
blade growth and blade erosion. Values represent the mean± 1 S.E. n = 24-30 
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decreased in September 1994, three months before a decrease in blade growth rate was 
evident (Figure 8B). The decrease in frond growth rate from September to December 
1994 corresponded to a significant increase (p = 0.05) in the average rate ofblade 
erosion (Figure 8C). Values of erosion increased from -0.24 ± 0.04 em day -1 in July 
and August to -0.57 ± 0.07 em day -1 from September to December 1994. The frond 
growth rate was positive from March to December 1994, but elevated blade erosion 
(Figure 8C), combined with reduced blade growth rate (Figure 8A) and stipe growth rate 
(Figure 8D), resulted in a decrease in seaweed length (negative total growth rate) from 
January to February in 1994 and 1995 (Figure 8B). The rate ofstipe growth increased 
between May and June 1994 (Figure 8D). Values were similar during June to August, 
October and November 1994 (mean= 0.16 ± 0.03 em day -1 ), but a significant increase 
occurred in September 1994 (p = 0.05, mean= 0.3 ± 0.04 em day -1 ). Stipe elongation 
was negligible from January to March 1993 and from December 1994 to February 1995. 
2.3.2 Environmental factors, tissue carbon and nitrogen. 
Average sea surface temperatures ranged from a maximum of 16.3°C in 
February 1994 to a minimum of 6.9°C in July 1993 (Figure 9A). An opposite trend was 
exhibited by ambient nitrate which increased steadily from minimum values during 
summer (0.89 f-tM in December 1993) to a maximum of 11.5 f-tM during winter (July 
1994; Figure 9B). Incident PFD followed a similar pattern to sea surface temperature 
(Figure 9C), being maximum in January 1994 (87.3 mol m-2 d-1) and minimum in June 
1994 (17.6 mol m-2 d-1). There was little variation in tissue carbon throughout the 
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Figure 9: Seasonal variation in (A) average sea surface temperature, (B) 
seawater nitrate, (C) PFD, (D) %tissue carbon, (E) %tissue nitrogen, (F), C/N 
ratio, (G) relative frond growth rate (solid line), relative blade growth rate (dashed 
line), and (H) relative stipe growth rate of Undaria pinnatifida. Points represent 









































± 0.07 mgN.g DW-1) and decreased to a mean of 1.9 ± 0.07 mgN.g DW-1 from 
September 1994 to February 1995 (p = 0.05; Figure IOE). Seasonal variation in C/N 
ratio were due mostly to variation in tissue N and ranged from 8.93 in July 1994 to 
17.75 in February 1994 (Figure 9F). Seasonal variations in the relative rates of frond 
growth, blade growth (Figure 9G) and stipe growth (Figure 9H) are presented for 
comparison with the environmental factors. Relative blade growth rates increased 
rapidly during May and June 1994 to a maximum of 1.22 ± 0.09% d-1 in July. Relative 
blade growth rate decreased steadily from August to October 1994, before a rapid 
decrease to a minimum relative total growth rate of -1.23 ± 0.12% d-1 in February 
1995. Relative growth rate for the whole blade (including erosion) followed a similar 
seasonal pattern as relative blade growth rate, with a maximum growth rate occurring in 
July (1.23 ± 0.09% d-1) and a minimum rate during March 1994 (-2.14 ± 0.17% d-1). A 
maximum rate of relative stipe growth (1.41 ± 0.19% d-1) was recorded in September 
1994. 
Correlation analysis between environmental factors, tissue carbon and tissue 
nitrogen (Table 2) indicated that, with the exception of tissue carbon, all factors were 
Table 2: Correlation coefficients (l) for monthly means of sea surface temperature 
(SST), seawater nitrate, tissue carbon, tissue nitrogen and PFD from Carey's Bay, from 
August 1993 to February 1995. 
Seawater Tissue Tissue PFD 
Nitrate (Jlm) Nitrogen(%) Carbon(%) (mol m-2d- 1) 
SST (°C) -0.957*** -0.670** -0.186 NS 0.719** 
Seawater Nitrate (Jlm) 0.747** -0.152 NS -0.832*** 
Tissue Nitrogen (%) -0.165 NS -0.700** 
Tissue Carbon (%) 0.249 NS 
*** p<0.001; ** p<0.01; NS: not significant 
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significantly correlated. Sea surface temperature and seawater nitrate exhibited a strong 
negative correlation, whereas seawater nitrate and tissue N were positively correlated. 
2. 3. 3 Effect of environmental factors, tissue nitrogen and tissue carbon on the growth 
rate ofUndaria pinnatifida 
A multiple regressions of relative frond growth rate and blade growth rate with 
SST, seawater nitrate, tissue carbon, tissue nitrogen, and PFD indicated that SST 
explained a significant proportion of the variance in relative frond growth rate and blade 
growth rate (Tables 3 and 4). However, no other environmental factors, tissue Nor 
tissue C contributed significantly to the overall seasonal variation in frond or blade 
growth rates. 
Table 3: The effects of environmental factors, tissue carbon and tissue nitrogen on the 
relative frond growth rate of Undaria pinnatifida sporophytes. 
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A multiple regression between environmental factors, tissue carbon, tissue 
nitrogen and relative stipe growth rate was significant (r2=0.78, p = 0.016), but no 
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individual factor accounted for a significant proportion of the overall variance in relative 
stipe growth rate. Seasonal variation in the rate of erosion was not related to any of the 
factors tested in this study ce=0.67, p = 0.068). 
Table 4: The effects of environmental factors, tissue carbon and tissue nitrogen on the 
blade growth rate (excluding erosion) of Undaria pinnatifida sporophytes. 





























2. 3. 4 Blade biomass distribution and productivity estimates for Undaria pinnatifida. 
Ninety-seven percent of blade elongation in Undaria pinnatifida occurred within 
the first 10 em of the blade and 79% within the first 5 em ofthe blade (Figure 10). For 
U pinnatifida harvested in May and June 1994, and January and February 1995, the 
maximum blade biomass was at the base of the blade (Figure 11). This contrasts with 
the blade biomass distribution of seaweeds growing from July to December 1994 which 
had a distribution comprising of two distinct regions; a region of increasing blade 
biomass (0-15 em) and a region of decreasing biomass (15-120 em). 
All estimates of productivity increased between May and July 1994 and declined 
from December 1994 to February 1995 (p = 0.001, Table 5). Productivity in September 
1994 was significantly lower than for August, October and November 1994 (p = 0.05). 
Seaweed productivity ranged from a minimum of0.001 g DW. planrl. d-1 in March 
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1994, to a maximum of0.256 ± 0.023 g DW. plant-1. d-1 in August 1995. A similar 
trend was described by estimates expressed relative to fresh weight and milligrams of 
carbon (Table 5). In contrast to seaweed productivity, population productivity was not 
maximal until November 1994 (4.38 g DW. m-2. d-1, Table 6). This difference is 
accounted for by seasonal changes in the density of seaweeds, which increases 
throughout the season to a maximum in December 1993 and decreases during January 
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Figure 10: Histogram showing region of primary blade elongation in Undaria 
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Figure 11: Distribution of blade biomass of Undaria pinnatifida collected each 
month from May 1994 to January 1995. The dashed line represents seaweeds 
harvested in May and June, 1994 and January and February 1995 (n = 69). The 
solid line represents seaweeds harvested from July to December 1994 (n = 161). 
Values represent the mean± 1 S.E. 
Table 5: Monthly productivity of Undaria pinnatifida. Data collected from 1993 to 1995, from two separate periods (December 1993 to 
March 1994 and May 1994 to February 1995). Values represent mean± 1 standard error and letters represent similarity between months at 
P=0.05. 
MONTH TOTAL BLADE MAXIMUM PRODUCTIVITY PRODUCTIVITY PRODUCTIVITY 
COLLECTED BIOMASS BIOMASS (g OW plant. -1 d-1) (g FW plant.-1 d-1) (mgC plant. -1 d-1) 
(g OW) (gem -1) 
December 1993 5.64 ± 0.33 0.686 ± 0.035 0.097 ± 0.009 B 0.977 ± 0.501 B 22.199 ± 1.188 c 
January 1994 3.64 ± 0.50 0.568 ± 0.058 0.052 ± 0.010 A 0.454 ± 0.444 A 13.137 ± 1.424 B 
February 2.78 ± 0.30 0.545 ± 0.060 0.013 ± 0.003 A 0.128 ± 0.168 A 3.293 ± 0.465 A 
March 1994 0.99 ± 0.30 0.250 ± 0.033 0.001 ± 0.000 A 0.008 ± 0.014 A 0.193±0.041 A 
May 1994 3.01± 0.34 0.800 ± 0.106 0.049 ± 0.013 A 0.514 ± 0.736 A 12.738 ± 1.923 B 
June 6.03 ± 0.81 0.903 ± 0.146 0.112 ± 0.013 B 1.374 ± 0.872 B 25.838 ± 1.755 c 
July 7.91± 0.87 0.735 ± 0.064 0.155 ± 0.016 B 1.739 ± 0.906 c 36.288 ± 2.103 D 
August 11.36 ± 1.04 1.105 ± 0.101 0.256 ± 0.023 C,D 2.814 ± 1.195 D 69.000 ± 3.581 G 
September 8.53 ± 0.73 0.706 ± 0.056 0.162 ± 0.013 B 1.773 ± 0.745 C,D 39.083 ± 1.809 D 
October 10.48 ± 1.88 1.027 ± 0.106 0.229 ± 0.027 C,D 2.450 ± 1.489 C,D 60.796 ± 3.967 F 
November 7.56 ± 0.63 0.890 ± 0.069 0.192 ± 0.017 c 2.038 ± 1.581 C,D 50.591 ± 2.445 E 
December 1994 7.03 ± 0.72 0.882 ± 0.080 0.125 ± 0.013 B 1.092 ± 0.574 B 34.567 ± 1.907 D 
January 1995 4.27 ± 0.30 1.077 ± 0.110 0.057 ± 0.013 A 0.405 ± 0.315 A 11.669 ± 1.187 B 




Table 6: Average population density from six piles and monthly estimates of population 
productivity. Population density is based on field data collected during 1993-1994 
(chapter 4). The density of Undaria pinnatifida sporophytes (length> 30 em) were 
measured over a depth ranging from ML W to Sm. Estimates of population productivity 
are calculated using productivity estimates (g DW and mgC. plant-1. d-1) for 1994-
1995. 
Density Productivity Productivity 
(individuals per m2) (g DW. m·2d-1) (gC m·2d-1) 
May 0.38 ± 0.20 0.02 0.005 
June 0.63 ± 0.33 0.07 0.016 
July 0.96 ± 0.25 0.15 0.035 
August 5.67 ± 1.03 1.45 0.391 
September 8.83 ± 1.61 1.43 0.345 
October 18.92 ± 2.41 4.33 1.150 
November 22.79 ± 2.59 4.38 1.153 
December 34.29 ± 3.84 4.29 1.185 
January 26.29 ± 2.80 1.50 0.307 
February 10.38 ± 1.17 0.16 0.037 
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2.4 DISCUSSION. 
2. 4.1 Seasonal growth rates ofU ndaria pinnatifida 
Comparison between the relative growth rates of various laminarian kelps 
indicates that values differ greatly between kelp species (Table 7). The high relative 
growth rates recorded for Laminariajaponica, Undaria pinnatifida and U undarioides, 
by Ohno and Matsuoka ( 1992), were attributable to the use of small, cultivated 
seaweeds, whereas mature, wild specimens were used in this study. Negative values of 
relative growth rate reflect net erosion of the blade in Laminaria japonica, U 
pinnatijida and U undarioides. However, only positive rates were recorded for 
Macrocystis integrifolia and M pyrifera, as measurements of frond length were made 
from the holdfast to the tip of the apical scimitar, thereby including stipe elongation and 
excluding erosion of individual blades. In Macrocystis, frond elongation rates are a 
nonlinear function of stipe length (Lobban 1978a). Frond elongation originates from the 
apical scimitar, but meristematic tissue remains in the blades, pneumatocysts and stipe 
internodes. These meristematic regions eventually mature, leaving the apical portion of 
the frond as the major contributor to growth (Kain 1987b ). The pattern of growth 
exhibited by Macrocystis differs from other laminarian kelps, where blade tissue is 
added at the intercalary meristem and sloughs off the end ofthe blade (Mann 1972). 
Frond elongation of other laminarian kelps therefore represents the summation of stipe 
growth, blade growth and erosion. 
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Table 7: Maximum and minimum growth rates ofLaminarian kelps obtained from long-
term studies of seasonal growth. Growth rates were obtained using the hole punch 
method, while relative growth rates were obtained from total frond length (including 
stipe). 
Species Relative Reference 
Growth Rate 
(% d-1) 
Laminaria japonica -7.4-7.4 Ohno and Matsuoka 1992 
Macrocystis augustifo/ia 0.9-1.94 Coon 1981 
M. pyrifera 0.9-1.4 Gerard 1982 
Undaria pinnatifida -0.52-6.97 Ohno and Matsuoka 1992 
-2.14-1.23 Present study 
U. undarioides -0.07-2.79 Ohno and Matsuoka 1992 
Species Growth Rate Reference 
(em d-1) 
A/aria esculenta 0.1-0.5 Buggeln 1974 
Eck/onia radiata 0.76-1.96 Larkum 1986 
Costaria costata ?-1.8 Maxell and Millar 1996 
Laminaria digitata 0.02-0.62 Conolly and Drew 1985a 
L Jongicruris 0.2-1.0 Gerard and Mann 1979 
0.4-2.2 Gendron 1989 
0.4-1.8 Gagne eta/. 1982 
0.92-1.6 Chapman and Craige 1977 
L saccharina 0.5-2.1 Parke 1948 
0.04-1.26 Conolly and Drew 1985a 
0.1-1.2 Sj0tun 1993 
0.1-0.8 Sj0tun and Gunnarsson 1995 
Nereocystis /uetkeana 3.2-6.1 Maxell and Millar 1996 
Pelagophycus porra 2.2-6.5 Coyer and Zaugg-Haglund 1982 
Phyllariopsis purpurascens 0.3-0.38 Flores-Moya eta/. 1993 
Saccorhiza po/yschides 0.01-2.1 Norton and Burrows 1969a 
Undaria pinnatifida 0.02-1.16 Present study 
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As with relative growth rates, rates of blade growth recorded for laminarian 
kelps are also variable (Table 7). Nereocystis luetkeana and Pelagophycus porra have 
higher growth rates than those recorded for Undaria pinnatifida and other kelp species. 
The low rates of blade growth recorded for Phyllariopsis purpurescens are due to 
growth in extremely low PFD (0.1-1.5% of incident PFD; Flores-Moya 1997). No clear 
differentiation between the growth rates of annual and perennial species, or between 
seaweeds with simple, digitate or pinnatifid fronds, is evident. 
The rate of maximum stipe elongation in Undaria pinnatifida was lower than 
maximum rates of elongation reported in other kelps (Table 8). Although seasonal 
variation in stipe growth was correlated to environmental factors in this study, no single 
factor could account for the observed seasonal variation in growth rate. 
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Several authors indicate that stipe growth of Nereocystis luetkeana and Laminaria 
longicruris is inhibited in shallow water and high PFD (Hurd 1916, Duncan 1973, Kain 
1987b, Gendron 1989), and it has been suggested that intra-specific shading may 
stimulate stipe elongation in Pelagophycus porra (Hart 1982). As U pinnatifida grows 
near the surface in Carey's Bay, a similar relationship between high PFD and stipe 
growth may account for the low stipe growth rates exhibited in the present study. 
2.4.2 Environmental effects on growth rates. 
Undaria pinnatifida growing in Carey's Bay is a winter annual, exhibiting the 
highest rates of growth during winter and the lowest rates of growth during summer. 
This periodicity of growth contrasts with other annual kelps, which are predominantly 
summer annuals and have maximum growth rates during spring and summer (Norton 
and Burrows 1969a, Coyer and Zaugg-Haglund 1982, Flores-Moya et al. 1993, Maxell 
and Millar 1996). The seasonal pattern of growth exhibited by U pinnatifida in Carey's 
Bay is most attributable to seasonal fluctuations in temperature. PFD does not relate to 
seasonal variation in growth rate. C/N ratios of U pinnatifida from this study are 
within the range previously described for U pinnatifida and other laminarian kelps 
(Table 9). 
Undaria pinnatifida exhibited a clear seasonal growth cycle in Otago Harbour, 
but the cessation of blade growth in November-December 1994 did not correspond to 
any environmental variable tested. The range of sea surface temperature in Otago 
Harbour was within the optimal temperature range for sporophyte growth (3.5-20°C, 
Sanderson 1990) and the upper lethal limit of the U pinnatifida sporophyte (25°C, 
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Sanderson and Barrett 1989) was never exceeded. It is therefore unlikely that the 
degradation of the sporophyte was in direct response to lethal summer temperatures; the 
cessation of growth during December-March 1993 and December-February 1994 was 
caused by either another environmental factor, or the senescence of the sporophyte was 
under endogenous control. 
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9 -18 Present study 
Comparison of Undaria pinnatifida growth rates and C/N ratios to those of 
Macrocystis pyrifera within Otago Harbour, indicates a similar seasonal variation (Chin 
1989). While no evidence of carbon storage was found in M pyrifera, nitrogen was 
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stored during winter and these reserves were used to sustain growth after ambient nitrate 
decreased in summer. As in this study, linear blade growth of M pyrifera was more 
closely related to sea surface temperature, than to incident PFD. It was therefore 
suggested that the growth of M pyrifera in Otago Harbour was not limited by PFD, but 
by a combination of high temperature and associated low ambient nitrate. Similar 
results have been obtained for Alaria esculenta, in which the accumulation of tissue 
nitrate preceeded the maximum seawater nitrate levels, and tissue nitrate decreased 
when seawater nitrate declined in spring (Buggeln 1978). For A. esculenta, the distal 
portion of the blade functioned as a source of organic matter which was translocated to 
the blade meristem, and the stipe acted as a source of organic matter during periods of 
rapid growth, or a sink when blade growth was slow (Buggeln 1977). It was also 
observed that removal of the sporophylls stimulated blade growth in A. esculenta, 
suggesting that they may act as a nutrient sink (Buggeln 1974). Although comparison 
of seasonal growth between U pinnati.fida and M pyrifera suggest that growth is 
limited by temperature and ambient nitrate in Otago Harbour, it is still uncertain 
whether a reduction in growth rate from December 1994 to January 1995 was caused by 
high summer temperatures, nutrient limitation, or endogenous factors. Further 
experimentation involving nutrient emichment, and experimental verification of the role 
of translocation to the seasonal growth and reproduction of U pinnati.fida, are required. 
As Undaria pinnati.fida is an annual seaweed, it is possible that the seasonal 
variation in growth represents an annual cycle of growth, reproduction and programmed 
senescence. In studies ofthe annual kelp, Costaria costata, Maxell and Millar (1996) 
found that blade growth rates declined in autumn, despite favourable PFD. This decline 
in blade growth was preceeded by a high level of fertility, and it was suggested that the 
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senescence of C. cost at a indicated an endogenous shift in the allocation of resources 
from meristematic growth to the development of reproductive tissues. Similar results 
have been documented for Saccorhiza polyschides, where a decrease in blade length 
corresponded to the cessation of blade growth and the initiation of fertility (Norton and 
Burrows 1969a). In the present study, a decrease in total growth rate coincided with the 
period of maximum fertility for U pinnatifida in Carey's Bay (September-November, 
pers. obs.). Although the average sea surface temperature during September (8.5 ± 
0.09°C) was below the lower limit of spore release of 14°C described by Saito (1975), 
the coincidence of decreasing growth rate and spore release suggests that senescence of 
U pinnatifida in Carey's Bay represents a change from vegetative growth to 
reproduction. This suggestion is based on the assumption that reproduction incurs a 
cost to somatic growth and maintenance, which inevitably results in reduced vegetative 
growth and the death ofthe seaweed (Partridge and Harvey 1985). However, 
reproduction can only incur a cost to an organism if functional life history constraints 
require the diversion of resources away from repair or storage to reproduction (Partridge 
and Silby 1991) and reproductive costs may be reduced or avoided through 
compensation by increasing resource uptake or storing resources prior to reproduction 
(Tuomi et al. 1983). Indeed, equivocal evidence for reproductive costs in seaweeds may 
be due to the photosynthetic capabilities of reproductive tissue and the ability of 
vegetative tissue to compensate for costs to reproduction through increased resource 
uptake and storage (de Wreede and Klinger 1988, Pfister 1992). This suggests that 
functional constraints on the life history of seaweeds are not as strong as they are for 
other organisms, thereby resulting in a more even allocation of resources between 
somatic growth and reproduction. 
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Although, the disposable soma theory requires a cost for reproduction 
(Kirkwood 1977, 1981, Kirkwood and Holliday 1979), the theory of antagonistic 
pleiotropy does not have such a requirement (Williams 1957). Rather, the theory of 
antagonistic pleiotropy is based on the assumption of a genetic trade-off between the 
benefit of early reproduction, as opposed to later deleterious effects to the survivorship 
of the aged organism (Kirkwood and Rose 1991 ). The evolution of senescence 
therefore occurs due to the declining force of natural selection with increasing age, 
allowing the maintenance of alleles which enhance early life history characters (e.g. 
reproduction at an early age), despite deleterious pleiotropic effects on later life history 
characters (Rose 1983). In annual kelps, such as Undaria pinnatifida, senescence of the 
sporophyte may not necessarily occur because of the allocation of resources to 
reproduction rather than growth, but may be due to the maintenance of deleterious 
alleles through selection of reproductive maturation at an early age. 
To summarise, environmental factors such as temperature have a direct effect on 
the blade growth rate of Undaria pinnatifida, but the cessation of blade growth and the 
senescence of the sporophyte generation seem to be under indirect environmental 
control through the induction of fertility by a threshold temperature. Senescence may be 
caused by the allocation of resources away from somatic growth and maintenance to 
reproduction (disposable soma theory), or result from the selection of deleterious 
pleiotropic effects associated with the early onset of reproduction (antagonistic 
pleiotropy). Although the exact mechanism behind the senescence of the sporophyte 
generation is unknown, future research of the cost of reproduction to growth and 
survivorship would be beneficial. 
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2.4.3 Application of area of constant biomass model to Undaria pinnatifida. 
Values of annual productivity for Undaria pinnati.fida were generally 2-4 times 
lower than documented for perennial kelps (Table 1 0). The low productivity of the 
summer annual, Phyllariopsis purpurascens, may be due to the depth at which 
productivity was measured (30m, Flores-Moya et al. 1993). However, P. purpurascens 
and U pinnati.fida exhibited a growth pattern characteristic of ephemeral algae, with a 
rapid increase in productivity for the first few months of the growth season, reaching 
maximum production in the middle of the season, and a rapid decline in production at 
the end of the growth season (ibid.). 
Studies of blade growth and productivity in laminarian kelps have been 
generally based upon growth increments measured from holes punched 10 em from the 
blade-stipe junction (Chapman and Craigie 1977, Luning 1979, Mann and Kirkman 
1981, Gagne et al. 1982, Conolly and Drew 1985a,b, Larkum 1986, Kirkman 1989, 
Flores-Moya et al. 1993, Sj0tun and Gunnarsson 1995). Although the intercalary 
meristem of Saccorhiza polyschides and Laminaria digitata is located in the proximate 
10 em of the blade (Sundene 1964, Norton and Burrows 1969a), several studies indicate 
meristematic activity distal of 10 em in A/aria esculenta, Cost aria costata, Laminaria 
hyperborea, L. longicruris, L. saccharina, Nereocystis luetkeana and Undaria 
pinnati.fida (Buggeln 1974, Kain 1976a, Sj0tun 1985, Gagne and Mann 1987, Ishikawa 
1993, Maxell and Millar 1996, present study). 
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3.6 Chapman and Lindley 1981 
3.56 Wheeler and Druehl 1986 
9.5 Jackson 1977 
6 Jackson 1987 
Undaria pinnatifida 0.04-1.19 Present study 
1: converted from g FW m-2 yr -1 using 14% DW/FW (van Tussenbroek 1989) 
The region of blade growth was dependent on seaweed size for N luetkeana, with 95% 
of blade growth occurring within the proximate half of the blade (Kain 1987b ). 
Similarly, the greatest proportion of blade elongation occurs between 10 and 30 em 
along the blade of Pelagophycus porra and blade growth does not occur distal of 50 em 
(Coyer and Zaugg-Haglund 1982). It has been suggested that the blade should be 
punched at 20 em rather than the 1 0 em typically used by researchers (Gagne and Mann 
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1987). However, in view of the variation in the locality of meristematic activity 
exhibited according to kelp species and seaweed size, it would be prudent to determine 
the region of meristematic activity for each species in order to allow correct 
measurement of growth and estimates of productivity. 
Estimates of productivity using the area of constant biomass model are based on 
the assumption that the relationship of length to weight remains constant during the 
duration of measurement (Mann and Mann 1981 ). This assumption was justified for 
Undaria pinnatifida harvested from July to December 1995, as the relationship of length 
to biomass remained constant over this period. However, seaweeds harvested during 
May and June 1994, and January and February 1995, exhibited a different biomass 
distribution. The resulting biomass distribution is the product of low rates of blade 
elongation, relative to the lateral growth of the blade, and estimates of productivity for 
these months would under-estimate productivity because the measured rates of blade 
elongation do not take into account the lateral growth of the seaweed. In this 
experiment, holes were punched 10 em from the base of the blade and this accounts for 
97% of blade growth. Annual production of U pinnatifida in Carey's Bay was 
therefore under-estimated by three percent. If the estimates of annual productivity for 
U pinnatifida in Carey's Bay are corrected to account for this under-estimation, then 
the annual productivity for U pinnatifida in Carey's Bay is 560 ± 8 g DW. m-2 y-1 or 
146 ± 2 g C. m-2 y-1. 
Chapter 3 




The genotype of an organism provides a morphological template upon which the 
environment acts to produce a phenotype (Caswell 1983). However, phenotypic 
expression of the genotype is complicated by separate effects of the environment on 
growth and development (Coleman et al. 1994). The environment may alter the 
phenotype by activating alternative developmental pathways (developmental 
conversion) or the phenotype may vary according to the differential development of 
different parts of an organism due to their relative sensitivity to physical factors in the 
environment (phenotypic modulation; Smith-Gill 1983). Phenotypic modulation results 
in a continuous range of phenotypic expression relative to the intensity of the causative 
environmental factor, whilst developmental conversion produces a series of discrete 
morphogenetic modifications in response to environmental stimuli (Bradshaw 1965). 
The extreme morphological plasticity of seaweeds and the parallel 
morphological responses exhibited by different species to environmental stimuli 
(Norton et al. 1981 ), have lead to difficulties with intra-generic taxonomy (Widdowson 
1971). For example, the presence or absence of mucilage ducts and hollow stipes have 
been used to delimit species within the Simplices section of the genus, Laminaria (Kain 
1976b). Although these discrete phenotypic characters have a genetic basis (Chapman 
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1975), the development of mucilage ducts and hollow stipes is largely determined by 
environmental factors, such as temperature and wave exposure (Wilce 1965, Burrows 
1964, Larkum 1972, Kain 1976b, Chapman 1973). Similarly, the definition of 
Laminaria species on the basis of blade division and stipe length has been disputed 
because of clinal variation in response to temperature and wave exposure (Druehl 1967, 
Mann 1971, Svendsen and Kain 1971, Chapman 1973). In general, phenotypic 
variation in kelps may be caused by wave exposure (Norton 1969, Chapman 1973, 
Palmisano and Sheng 1977, Druehl1978, Gerard and Mann 1979, Tanigushi et al. 1981, 
Friedland and Denny 1995, Sj0tun and Fredrikson 1995, Molloy and Bolton 1996), 
nutrient enrichment (Burrows 1971, Druehl1984), and differences in seawater depth 
(Chapman 1973, Molloy and Bolton 1996). The combined effects ofthese 
environmental factors within a spatially heterogeneous environment, may produce intra-
specific morphological variation over spatial scales ranging from hundreds of kilometres 
to one metre (Cheshire and Hallam 1989, Rice and Kenchington 1990a,b). Indeed, the 
definition of subspecies, varieties and formae is unable to account for small scale 
morphological variation in some seaweed species (Rice and Kenchington 1990a). 
Environmental factors may therefore influence the phenotype of seaweeds to the extent 
that the phylogeny of kelp species cannot be adequately defined solely on the basis of 
morphological variation. 
Undaria pinnatifzda is currently divided into two forms on the basis of 
morphology; f. typica Yendo. (= Undaria pinnatifzda Sur., A/aria pinnatifzda Harv.), 
andf distans Miyabe et Okamura(= Ulopteryx pinnatifzda Kjellm.; Saito 1975). A 
third form, U pinnatifzda f. narutensis, was described by Yen do ( 1911 ), but was later 
considered to be an extreme morphology off. typica (Okamura 1915). Undaria 
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pinnati.fida f. typic a has a short stipe, shallow pinnate division of the blade and 
sporophyll development is often confluent with the base of the blade. Undaria 
pinnati.fida f. distans is characterised by an elongated stipe and a little-divided blade, 
with sporophyll development confined to the basal portion of the stipe (Kito et al. 1981, 
Ohno and Matsuoka 1993). However, distinguishing morphological features such as 
blade incision and stipe length are influenced by wave exposure to the extent that the 
two forms of U pinnati.fida cannot be considered as immutable (Saito 1972, Kito et al. 
1981, Tanigushi et al. 1981 ). 
Although morphological variation in Undaria pinnati.fida has been investigated 
over space and time (Kito et al. 1981 ), no studies have determined the direct effects of 
growth rate on U pinnati.fida morphology. The purpose of this chapter is, therefore, to 
investigate the direct effects of growth rate on U pinnati.fida morphology in Carey's 
Bay. Although environmental factors have indirect effects on morphology by 
influencing development and growth rate (Coleman et al. 1994), the influence of 
environmental factors on U pinnati.fida morphology will be infered from chapter 2. 
Morphological variation of U pinnati.fida in Carey's Bay will be discussed in relation to 
the current taxonomic classification of U pinnati.fida and its forms. 
3.2METHOD. 
The development of an Undaria pinnati.fida sporophyte, as described by Y endo 
(1911), involves the appearance of a small stipitate blade which develops a rachis 
(midrib) once the seaweed attains a length of at least 4 em. Maturation of the seaweed 
is indicated by the formation of pinnae and sporophylls. Pinnae form as minute lateral 
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ligules on both sides ofthe midrib, at the base of the blade. As the seaweeds grows, 
these lateralligules move towards the end of the blade, resulting in the secondary blade 
division. The sporophylls develop as undulations ofthe stipe, originating from the 
extension of the stipe margin at a greater rate than the stipe itself. 
For the purpose ofthis chapter, the description ofYendo (1911) is further 
divided to give three developmental stages based on specimens collected from Carey's 
Bay (Figure 12-13): 
Mature: secondary division of the blade into pinnae. Sporophylls develop as undulating 
extensions of the stipe margin (Figure 12). 
Juvenile: lanceolate blade with a stipe, lamina and midrib. Older juveniles may have a 
divided blade but no sporophyll development (Figure 13A-B). 








Figure 13: Developmental sequence of Undaria pinnatifida showing ; (A) 
Juvenile sporophyte with midrib and pinnatifid blade, (B-C) Juvenile sporophytes 
without midrib or pinnatifid blade, (D) Sporeling with elongated stipe and early 
formation of the midrib, (E) Sporeling with short stipe and no midrib. 
3. 2.I Measurement of morphological characters. 
Morphometric measurements (Figure 14) were made of all seaweeds harvested 
during the investigation of growth rates and productivity in Undaria pinnatifida 
(Chapter 2). Measurements were made to the nearest 0.5 em. Morphometric 






FS (%) = (L2/L3) X 100 
where WI= maximum blade width, W2 =maximum width of undivided portion of the 
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blade, L2 = stipe length, L3 = sporophylllength, L4 =blade length, and N I = number of 
pinnae on one side ofthe blade. 
3. 2. 2 Statistical analysis. 
The effect of growth rate on Undaria pinnatifida morphology was investigated 
by comparing ordinations produced by detrended correspondence analysis (DCA), 
canonical correspondence analysis (CCA) and detrended canonical correspondence 
analysis (DCCA). DCA differs from methods of canonical correspondence analysis 
(CCA and DCCA) in that DCA is an indirect method of gradient analysis in which the 
environmental gradients are not studied directly but are inferred from the species 
composition (Palmer 1993). Each axis can therefore be thought of as a hypothetical 





Figure 14: Morphometric measurements made for Undaria pinnatifida during 
1993-1995. L 1: Entire seaweed length, L2: Entire length of stipe, L3: Length of 
reproductive region of stipe, L4: Length of blade, W1: Width of blade, W2: Width 
of undivided blade (adapted from Hara and Akiyama 1985). 
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environmental factors (ter Braak 1986). In contrast, canonical correspondence analysis 
is a direct method of gradient analysis in which the ordination axes are constrained to be 
linear combinations of the environmental factors (ter Braak 1987). In this study, 
morphological characters were treated as species, and growth rates were used in the 
same manner as environmental factors. As the axis of DCA are not constrained by 
growth rates, comparison between eigenvalues and correlation coefficients of DCA and 
DCCA determine the ability of the measured growth rates to account for the 
morphological variation summarised by the ordination (ter Braak 1986). Therefore, 
dissimilarity between the eigenvalues and correlation coefficients of DCA and DCCA 
indicate that the pattern of morphological variation is not explained by the measured 
growth rates, and implies that other factors are responsible for the observed patterns. 
Direct comparison between growth rates and Undaria pinnatifida morphology 
was made by constraining the axis of a CCA ordination to the growth rates of harvested 
seaweeds. The growth rates were then plotted as vectors on a CCA biplot. 
Relationshipsbetween individual morphological characters and morphological variation 
were presented as a DCA biplot using the sample score centroid as the origin of vectors 
describing the morphological characters. As correlation between growth rates may 
result in instability of canonical coefficients (ter Braak 1986), only the intraset 
coefficients of the CCA were compared to determine the relative importance of each of 
the growth rates to morphological variation in U pinnatifida. All data were log 
transformed before correspondence analysis using CANOCO (ter Braak 1990). 
To verify that significant variation occured between monthly measurements of 
morphological characteristics and growth rates of Undaria pinnatifida in Carey's Bay, 
data were first tested for skewed distributions and kurtosis (Anscombe and Tukey 1963, 
58 
Snedecor and Cochran 1980). Data were log transformed ifrequired, and then analysed 
using ANOVA and Duncan's New MRT on the statistical package, Teddybear (Wilson, 
1975). 
3.3 RESULTS. 
3.3.1 Seasonal variation in the morphology ofUndaria pinnatifida. 
Seasonal variation in the morphology of Undaria pinnatifida during 1994 and 
1995 is summarised in Figure 15. Undaria pinnatifida growing in May and June were 
characterised by sporophyll development which extends along the entire length of a 
short stipe. The blade was relatively entire with few pinnae and shallow incisions. 
Seaweeds collected in July had a similar degree of sporophyll development as observed 
during May and June, but the stipe was longer and the blade had more pinnae than those 
growing during May and June. The total length of U pinnatifida was maximal in 
August but declined from August to February. Stipe length increased from May to 
September, then declined from October to February. 
The majority of sporophytes collected throughout the experiment were 
characterised by sporophyll development confined to the basal portions of the stipe 
margin (Figure 16). However, sporophyll development extended along the entire stipe 
margin and was confluent with the blade in some sporophytes (Figure 16). During May 
and June 1994, sporophyll development was observed to extended along the entire 
midrib and into the basal portions of the blade (Figures 16-17). A high proportion of 
May June July August September 
50 em 
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Figure 15: Schematic presentation of morphological variation of Undaria 
pinnatifida collected for analysis of growth and productivity from May 1994 to 
February 1995. Dimensions are based on the mean values of morphometric 
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Figure 16: Seasonal occurrence of Undaria pinnatifida in Carey's Bay exhibiting 
confluence of the blade and sporophyll and comparison of morphology to stipe 
growth rate from December 1993 to February 1995 (n =24-30). Blade and 




Figure 17: Specimen of Undaria pinnatifida collected from Carey's Bay (26/5/94) 
extension of sporophyll development into the base of the blade and along the 
midrib. sp = sporophyll , bl = blade, mr = midrib. 
sporophytes with confluent blade and sporophyll coincided with low rates of stipe 
growth, except during May when sporophyll development was both confluent with the 
blade and extended along the midrib (Figure 17). 
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The morphological characteristics of Undaria pinnatifida varied significantly 
between months (Table 11). Blade incision was lowest in May 1994, and highest in 
October 1994 (Figure 18A). Values of blade incision during October 1994 were 
significantly higher than for all other months (p = 0.01). The number of pinnae per 
blade length (F2) was significantly (p = 0.01) lower in May and June than for the rest of 
the year (Figure 18B). The ratio ofblade length to stipe length (F3) was significantly 
higher during February-March 1994 and January-February 1995, than for the other 
months ofthe year (p = 0.05; Figure 18B). There was no seasonal trend in the ratio of 
blade length to blade width (Figure 18D). Sporophyll development was almost 
confluent with the blade margin in May 1994 (p = 0.01), but sporophyll development 
was confined to the basal half of the stipe during September 1994 (p = 0.05, Figure 
18E). 
3.3.2 Gradient analysis. 
Similarity between the intraset correlations of DCA and DCCA indicate that the 
variation in Undaria pinnatifida morphology is adequately accounted for by the 
measured growth rates (Table 12). 
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Figure 18: Seasonal variation of morphological characteristics for Undaria 
pinnatifida. Graphs show seasonal changes in (A) the degree of blade incision, 
(B) the number of pinnae per unit blade length, (C) the ratio of stipe length to 
blade length, (D) the ratio of blade length to blade width and (E) in the proportion 
of stipe containing sporophylls. Each point represents the mean (n= 24-30) ± 1 
S.E. #indicates dissimilarity from other values at p = 0.05 and * represents 
dissimilarity from other values at p = 0.01. 
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Table 11: Mean square and f-values for ANOV A of morphometric measurements and 
calculated morphological characteristics collected between December 1993 and 
February 1995. Significant seasonal variation was shown between monthly 
measurements of all morphometric measurements, morphological characters and growth 
rates (p < 0.001). Bracketed values represent the degrees of freedom for the numerator 
and denominator, respectively and n = 24-30. 
m.s. f 
Total Length (em) 0.66 81.49 (13,342) 
Blade Length (em) 1.67 87.22 (13,342) 
Stipe Length (em) 1.90 21.22 (13,342) 
Sporophyll Length (em) 0.07 7.14 (13,342) 
Maximum Blade Width (em) 0.65 37.28 (13,342) 
Width of Undivided Blade (em) 0.67 30.83 (13,342) 
Number of Pinnae 1.20 51.41 (13,342) 
F1 2.32 28.38 (13,342) 
F2 0.02 3.51 (13,342) 
F3 0.17 14.75 (13,342) 
F4 0.01 22.04 (13,342) 
F5 (%) 5399.25 10.2038 (13,342) 
Total growth rate (em/day) 1.00 46.55 (13,357) 
Blade growth rate (em/day) 1.10 58.16 (13,356) 
Stipe growth rate (em/day) 0.85 15.80 (13,357) 
Erosion (-em/day) 1.47 13.17 (13,343) 
Table 12: Intraset correlation coefficients of growth rates with axis 1 and axis 2 ofthe 




Axis 1 2 1 2 
Total growth rate -0.4467 -0.1593 -0.4540 -0.4426 
Blade growth rate -0.4196 -0.0870 -0.4258 -0.3887 
Stipe growth rate 0.0396 0.0632 0.0438 0.0670 
Erosion 0.1066 0.0898 0.1094 0.1273 
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The eigenvalues presented in Table 13 represent the correlation coefficient between 
morphological characters and the sample scores for each seaweed on the CCA axes. 
The low eigenvalues exhibited in this study indicate that the extracted morpological 
gradients are short (Palmer 1993). Short gradients occur because the morphological 
characteristics vary along each CCA axis in a linear fashion, rather than describing a 
unimodal curve (ter Braak 1986). Comparison of the intraset correlations for growth 
rates and the axes of the CCA ordination indicate that the first axis is defined by total 
growth rate and blade growth rate, whilst the second axis is defined by the rate of blade 
and stipe growth (Table 14). Growth rates accounted for 61.8% of the morphological 
variation summarised by the first CCA axis, and 41.6% of the morphological variation 
summarised by the second CCA axis (Table 13). 
Table 13: Comparison of the results of ordinations by detrended correspondence 
analysis (DCA), canonical correspondence analysis (CCA) and detrended canonical 
correspondence analysis (DCCA) of data: eigenvalues and correlation coefficients 































Table 14: Intraset correlations between CCA axes defined by morphological 
characteristics and constrained by the growth rates of Undaria pinnatifida (Figure 18). 
Correlation coefficient 
CCA 
Axis 1 2 
Total growth rate -0.4494 0.1175 
Blade growth rate -0.4218 0.2812 
Stipe growth rate 0.0466 0.2525 
Erosion 0.1084 0.1167 
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To aid in the interpretation of the CCA ordination (Figures 19-20); the length of 
a vector indicates the contribution of growth rate or a morphological character to 
variation along each of the axes, and the direction indicates how well the growth rate or 
morphological character is correlated with the axes. The angle between vectors 
indicates correlations between growth rates or morphological characters (Palmer 1993). 
A strong negative correlation between blade and stipe growth rates opposes seaweeds 
with high blade growth rates and low stipe growth rates with seaweeds with low blade 
growth rates and high stipe growth rates (Figure 19). These opposing morphological 
groups are represented by Undaria pinnatifida harvested from May to June, and from 
January to February, respectively. Seaweeds harvested from July to December occur 
about the origin of the first axis and have similar rates of blade and stipe growth. The 
vector defined by total growth rate describes a morphological cline formed by the 
combined effects of blade and stipe growth rate on the morphology of U pinnatifida. 
Hence, seaweeds situated at the top of the ordination have the highest total growth rate, 
and those seaweeds situated at the bottom of the ordination have the lowest total growth 
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Figure 19: Canonical Correspondence Analysis (CCA) ordination of 
morphological characteristics of Undaria pinnatifida upon CCA axes constrained 
by growth rates. Closed circles represent seaweeds harvested during May and 
June. Open circles represent seaweeds harvested from July to December, and 
open triangles represent seaweeds harvested from January to March. To aid 
interpretation, the length of a vector indicates the importance of the growth rate 
and the direction indicates how well the growth rate is correlated with the various 
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Figure 20: Detrended Correspondence Analysis (DCA) ordination of Undaria 
pinnatifida morphology, with morphological characters (F1-F5) plotted as vectors 
arising from the sample score centroid. Closed circles represent seaweeds 
harvested during May and June. Open circles represent seaweeds harvested 
from July to December, and open triangles represent seaweeds harvested from 
January to March. The ordination may be interpreted in the same manner as the 
CCA ordination (Figure 18). The morphological characters are (F1) degree of 
blade incision, (F2) number of pinnae per unit blade length, (F3) the ratio of 
blade length to stipe length, (F4) the ratio of blade length to blade width and (F5) 
the proportion of stipe containing sporophylls. 
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An ordination of seasonal morphological variation in Undaria pinnatifida is compared 
to seasonal variation of specific morphological characters, as represented by vectors 
arising from the sample score centriod (Figure 20). Variation in the ratio ofblade length 
to stipe length (F3), and the degree of blade incision (F1) contribute most to the 
morphological variation of U pinnatifida in Carey's Bay. More conservative 
morphological characters, such as the ratio of blade length to blade width (F4), and the 
number of pinnae per unit blade length (F2), contribute less to the morphological 
variation in U pinnatifida. The strong correlation between the degree of blade incision 
(F 1) and the proportion of stipe containing sporophylls (F5) indicates that confluence of 
blade and sporophyll is more likely to occur in seaweeds with a low degree of blade 
lllClSlOn. 
The general direction of the morphological vectors shows that seaweeds 
harvested from May and June 1994 have a relatively short stipe and long blade, slight 
blade incision and confluence of the blade and sporophyll (Figure 15). Undaria 
pinnatifida harvested from January to March 1994, and January to February 1995, were 
characterised by relatively long stipes and short blades. 
3.4 DISCUSSION. 
3. 4.1 Definition of the form ofUndaria pinnatifida growing in Carey's Bay, Otago 
Harbour. 
Definition of the form of Undaria pinnatifida growing in Carey's Bay is 
ambiguous because morphological characteristics ofboth form typica and form distans 
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are exhibited by U pinnatifida in Carey's Bay (Table 15). The shallow blade incision 
of U pinnatifida growing in Carey's Bay is similar to f. typica, whereas, sporophyll and 
stipe length is variable and produces characteristics of both f. distans and f. typica. 
Sporophyll development was limited to the base of the stipe in the majority of seaweeds 
collected from July to November (Figures 15-16) and would suggest that U pinnatifida 
from Carey's Bay is f. distans. However, sporophytes with confluent blade and 
sporophyll were found in all months except September and November. As this feature 
is characteristic of f. typic a (Table 15), then the morphological form of U pinnatifida in 
Carey's Bay is not discrete, but exhibits characteristics ofboth f. distans and f. typica. 
This ambiguity probably represents a temporal cline in stipe-sporophyll morphology 
resulting from seasonal changes in the rate of stipe growth and sporophyll development. 
In this study, Undaria pinnatifida collected from Carey's Bay during May and 
June 1994 exhibited similar morphological characteristics to spring recruits of U 
pinnatifida collected from Wellington Harbour, as described by Hay and Villouta 
(1993). From Table 15, it is apparent that short stipes, a relatively long blade, a low 
degree ofblade incision and confluence of the blade and sporophyll are traits found in 
both U pinnatifida f. typica and U undarioides. Hay and Villouta (1993) compared 
seaweeds with short stipes and precocious sporophyll development to U undarioides. 
However, U pinnatifida f. typica. may also have an entire blade and soral development 
on the basal portion ofthe lamina (Okamura 1915). These morphological traits were 
observed in U pinnatifida collected from Carey's Bay during May and June (Figure 
17). It is therefore plausible that the morphology of seaweeds collected from Carey's 
Bay during May and June 1994 represent an extreme form of f. typica (=f. narutensis, 
Table 15: Descriptions of Undaria pinnatifida and U undarioides directly from Yendo (1911) and Okamura (1915). 
Undaria pinnatifida 
forma distans 
Stipe elongated, subequal to the length of deeply pinnated lamina with large sporophylls limited to the base of stipe, without 
proliferations. 
forma typica 
Stem short, with sinuses between adjacent pinnae comparatively shallow that is more distant from the midrib, with the upper 
portions of large sporophylls confluent with the base of the lamina. 
forma narutensis (Yendo 1911) =forma typica (Okamura 1915) 
Stipe shortest, with a less folded sporophylls which become confluent with lamina and proliferating sterile ligules from the 
margin of the sporophylls. 
Undaria undarioides 
Stipe shortest (0.5 -more than 20 em.), subcylindrical at base or compressed, soon ancipite and complanated above, more or less 
winged; lamina thin membranaceous, midribed, bullato-rugose, oblongo-ovate or cordate, entire or subpinnatifid. Sori on both 
sides of midrib at the beginning on both surfaces, afterward becoming confluent towards the base of lamina and often at the same 
time continuous with those on the wings. 
-.) 
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Okamura 1915) resulting from a phenotypic response to environmental conditions 
producing seaweeds with short stipes, precocious sporophyll development, and little blade 
division. Sterile ligules where observed on individuals collected from Carey's Bay during 
May and June (pers. obs.), lending further support to the presence of U pinnatifida f. typica 
in Carey's Bay. 
It must be emphasised that taxonomic comparisons made in this chapter are very 
superficial and further examination of herbarium specimens and lectotype material would 
be required before any conclusions could be made regarding the taxonomy ofNew Zealand 
isolates. However, this chapter does demonstrate that the extreme morphological variation 
of Undaria pinnatifida in Carey's Bay makes it difficult to define the form of U pinnatifida 
growing in Carey's Bay. 
3.4.2 Influence of environmental factors on Undaria pinnatifida morphology. 
The morphological variation exhibited by Undaria pinnatifida in Carey's Bay is 
caused by seasonal variation in the relative rates of blade and stipe growth. Although the 
proportion of blade and stipe growth occuring from July to December produces seaweeds 
with a long blade and stipe, disproportionate rates of blade and stipe growth resulted in 
variable morphology from May to June and from January to March. In chapter 2, 
temperature and nitrate availability were shown to have a direct effect on the blade growth 
rate of U pinnatifida in Carey's Bay. However, no single environmental factor could 
account for the observed seasonal variation in stipe growth rate. It was suggested that stipe 
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growth rate may be inhibited by high PFD in shallow water and stimulated by intra-specific 
shading due to the increasing density of U pinnati.fida throughout the year. 
Work conducted on stipe elongation in Nereocystis luetkeana by Duncan (1973), 
indicated that high surface PFD had an inhibitory effect on stipe growth rate. Subsequent 
work by Duncan and Foreman (1980) found that stipe growth rate was inhibited inN 
luetkeana by near-red light. Although far-red light attenuates rapidly to depths of 5-6 m 
(Smith and Tyler 1976), an established canopy may accelerate the attenuation of red 
wavelengths within this depth range (Holmes and Smith 1977). An established U 
pinnati.fida canopy during July-December would therefore affect a shift in the red far-red 
ratio toward the far-red, thereby stimulating stipe elongation. Regardless of a red far-red 
interaction, higher stipe growth rates may simply occur in response to intra-specific shading 
(Hart 1982). Likewise, low rates of stipe growth rate in U pinnati.fida, during May and 
June, may simply be due to the absence of an established canopy and inhibition by high 
PFD in shallow water (Duncan 1973, Hart 1982). The reduction in stipe growth rates 
during December, January and February is more likely linked to the initiation of spore 
release and senescence (Norton and Burrows 1969a, Perez et al. 1981 ). 
In summary, Undaria pinnati.fida in Carey's Bay is most likely to be U pinnati.fida 
f. typica on the basis of blade morphology. Seasonal variation in stipe length and 
sporophyll development produces a temporal cline of morphological traits characteristic of 
both f. typica and f. distans. The morphology of U pinnati.fida cannot be divided into 
distinct forms, but results from phenotypic modulation of stipe and blade morphology due 
to the different responses of stipe and blade growth rates to seasonal changes in the 
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environment. The morphology of U pinnatifida f. typica (=f. narutensis), exhibited during 
May and June, represents an extreme phenotypic response to environmental factors. 
However, the presence of seaweeds with entire blades during May and June may represent 
developmental conversion resulting in precocious sporophyll development in young 
seaweeds without a pinnatifid frond. Although experimental studies are required to 
determine the specific environmental factors influencing U pinnatifida morphology in 
Carey's Bay, seasonal variation of environmental factors had a significant effect of U 
pinnatifida morphology in this study. Therefore, the growth of Fl seaweeds under 
controlled environmental conditions, and comparison to the parental morphology would 
clarify whether the extreme morphology of U pinnatifida during May and June represents 
the genotype of U undarioides (Hay and Villouta 1993), or extreme phenotypic variation 
ofU. pinnatljida f. typica, as suggested in this study. 
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Chapter4 
Phenology of Undaria pinnatifida sporophytes. 
4.1 INTRODUCTION. 
It is now recognised that spore settlement, attachment and the rate of spore 
development of early post-settlement stages strongly influences the spatial and temporal 
variation observed in mature kelp beds (Reed and Forster 1984, Deysher and Dean 
1986, Reed et al. 1988, Dean et al. 1989, Reed 1990, Dayton et al. 1992). Differences 
in the reproductive periodicity and life-history strategy of seaweeds determine the 
pattern of recruitment and colonisation in the subtidal environment (Kain 1975a, 
Duggins 1980, Dayton et al. 1984). Variability in recruitment enables seaweeds to 
avoid unfavourable abiotic and biotic conditions by providing spatial and temporal 
refuga (Dayton 1985a, Vadas et al. 1992). 
A concise definition of seaweed seasonality is important when examining the 
significance of environmental factors on sporophyte recruitment, as seasonal patterns of 
sporophyte recruitment and colonisation differ between annual and perennial seaweeds. 
Classifications of seaweed seasonality have been based on the duration of the growth 
period, and the extent of thallus degeneration during autumn (Knight and Parke 1931 ). 
More recent classifications have attempted to distinguish between ephemeral seaweeds 
with different phenologies (Sears and Wilce 1975). Seaweed populations within which 
individual thalli were present for less than a year may be classified as either seasonal 
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annuals or aseasonal annuals (Figure 21). Seasonal annuals are seaweeds which pass an 
adverse season in a quiescent stage or are completely absent from the community for 
part of the year. For aseasonal annuals, a seaweed population is present throughout the 
year as over-lapping generations, formed from the immediate germination and 
subsequent maturation of reproductive cells. This classification differentiates between 
species which have a single annual generation and annual species with many short-lived 
generations throughout the year. 
An aseasonal annual life-cycle, characterised by over-lapping generations and 
continual sporophyte recruitment, has been observed for the annual kelp, Saccorhiza 
polyschides (Phillips 1896, Spence 1918, Feldmann 1957). This phenological pattern 
was attributed to differences in the duration of spore release between individual 
sporophytes, and the differential mortality of gametophytes and young sporophytes 
(Feldmann 1957). It is possible that the early post-settlement stages of Undaria 
pinnatifida are responsible for seasonal variation in the population structure and 
phenology of the sporophyte generation. 
Undaria pinnatifida exhibits an annual life-cycle throughout its endemic range 
(Tsutsui and Ohno 1993, Koh and Shin 1990), characterised by the appearance ofthe 
sporophytes in autumn-winter and their disappearance in summer (Akiyama and Kurogi 
1982, Ohno and Matsuoka 1993). However, in regions where it has been introduced, 
evidence suggests that the phenology of U pinnatifida differs from that of endemic 
populations (Brown and Lamare 1994, Hay and Villouta 1993, Floc'h et al. 1991, 
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Figure 21: Schematic presentation of phenological differences between (A) 
seasonal and (B) aseasonal annuals. Each parabolic curve represents a single 
seaweed cohort. 
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Sanderson and Barrett 1989, Boudouresque et al. 1985). In the French Atlantic and 
New Zealand, mature and juvenile sporophytes may be found growing together 
throughout the year (Hay and Villouta 1993, Floc'h et al. 1991). This has been 
interpreted to indicate an over-lap of sporophyte generations, through the persistence of 
sporophytes and appearance of sporelings throughout the year (Hay and Luckens 1987, 
Hay 1990a, Hay and Villouta 1993). 
Although the sporophyte generation exhibits an annual cycle of growth and 
degeneration in Carey's Bay (Chapter 2), quantitative data on seasonal changes in 
population structure and recruitment are required before the seasonality of Undaria 
pinnatifida may be defined as seasonal or aseasonal. This chapter describes an 
investigation of seasonal changes in the population structure of U pinnatifida and the 
phenology of the sporophyte generation. Through examination of population structure 
and the appearance of successive sporophyte generations, the seasonality of the 
sporophytes and sporophyte recruitment will be determined for U pinnatifida in Otago 
Harbour. 
4.2METHOD. 
4. 2.1 Seasonal changes in population structure. 
To determine the temporal variation in the population size-class distribution of 
Undaria pinnatifida in Carey's Bay, Otago Harbour, sporophyte length was measured 
each month from May 1993 to April 1994. The total length of all sporophytes growing 
between ML W and 5 m depth ( 4 m2 ) on each of six wharf piles was measured to the 
nearest centimeter. All fieldwork was conducted using SCUBA. 
4.2.2 Seasonality of sporophyll development and sporogenesis. 
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To determine the seasonality of sporophyll development and sporogenesis in 
Carey's Bay, ten Undaria pinnatifida sporophytes with the largest sporophylls were 
selected each month from October 1994 to October 1995; the largest sporophylls were 
chosen to ensure that the most reproductive tissue was sampled. The total length of 
each sporophyte was measured to the nearest centimeter and the sporophylls were 
removed. Sporophyll tissue was hand sectioned and examined for the presence of 
zoospores using a compound light microscope and then dried to constant weight at 80° 
C. All data were log transformed for normality and differences among monthly values 
of sporophyll weight and sporophyte length where tested using AN OVA and Duncan's 
new MRT. The relationship between seaweed size and fertility was tested using 
correlation analysis. 
4. 2. 3 Seasonality of recruitment. 
The appearance of Undaria pinnatifida sporelings was monitored fortnightly on 
six wharf piles (each with an area of 4m2) in Carey's Bay from May 1993 to October 
1995. Sporelings of U pinnatifida were defined as seaweeds shorter than 0.5 em. All 
spore lings on the entire wharf pile from ML W to the sea floor at a depth of 5 m were 
counted. Seasonal variation in the density of sporelings was tested using ANOV A and 
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Duncan's new MRT. Data were log transformed for normality and recruitment was 
· defined to occur when the density of spore lings was above an average density of five 
sporelings m-2. Sea surface temperature (SST) data were provided by the Portobello 
Marine Laboratory, situated opposite Carey's Bay on Otago Harbour (Figure 3A). To 
calculate daily values ofthe 43 year average SST, the following cosine curve was fitted 
to monthly mean values ofthe 43 year average (r2 = 0.993, p < 0.001): 
y = 4.595( cos ;6~ 1 + 11.465 
where x =Julian days. Daily deviations from the 43 year average were calculated by 
subtracting daily 43 year average SSTs from daily temperature values. All statistical 
analyses were conducted using Teddybear (Wilson 1975). 
4.3 RESULTS. 
4. 3.1 Seasonal changes in population size-class structure. 
Figure 22 shows the population size-class structure of Undaria pinnatifida 
between May 1993 and April 1994. Between May and July 1993 there was a small 
increase in the smallest size class (0-1 0 em), with few individuals exceeding 40 em. 
Degenerate stipes and sporophylls, mature sporophytes and juveniles were also 
observed from May to July. The number of sporelings in the smallest size class was 
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Figure 22: Size classes of Undaria pinnatifida growing on wharf pilings in Otago 
Harbour, New Zealand from May 1993 to April 1994. Size classes are defined in 
10 em increments of total length. Seaweeds were measured from a total area of 
24m
2 
with a vertical range from MLW to a depth of 5 m. 
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The abundance of larger seaweeds increased between September and December; an 
increase in the abundance of the colonial ascidian, Bostryllus leachi was observed over 
the same period. 
Undaria pinnatifida sporophytes degenerated from December 1993 to March 
1994 (Figure 22). Initial signs of degeneration were observed in December as the tips of 
more mature seaweeds changed from the clean golden-brown colour of healthy tissue to 
a dirty, light-brown colouration. The blades gradually became covered with 
hydrozoans, ascidians, bryozoans and epiphytic algae and the seaweed eroded to tattered 
remnants of the blade, stipe and sporophylls. Few sporelings were observed from 
December 1993 to February 1994, but isolated recruits and juveniles were observed at a 
depth of2-3 rn upon some wharf piles in March 1994. These individuals were of 
healthy colouration and some contained developing sporophylls. In March 1994, cover 
by Bostryllus leachi diminished, with rhodophytes (Medeiothamnion lyalli, Phycodrys 
quercifolia and Rhodymenia traversii) and poriferians accounting for most of the wharf 
pile cover. 
During April and May 1994, recruitment increased dramatically and 
corresponded with the disappearance of the previous sporophyte generation (Figure 
23B). The number of the smallest size class was greatest from MLW to 1 rn below 
ML W in a region typically inhabited by Ulva rigida, Enteromorpha compressa, and 
Gigartina dicipiens. Sporadic recruitment occured below 1 rn along with a dense cover 
of filamentous rhodophytes (Mediothamnion lyalli and Griffthsia crassiscula). 
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Figure 23: (A) Daily sea surface temperature (SST; solid line), photoperiod 
(stippled curve) and 43 year mean SST (solid curve) for Otago Harbour, New 
Zealand. (B) Density of Undaria pinnatifida sporelings (length< 0.5 em). Each 
point represents the mean (n=6) ± 1 S.E. and# indicates the disappearance of 
the previous sporophyte generation. Vertical lines indicate the temperature and 
photoperiod corresponding to the initiation of autumn recruitment (stipled line) 
and the temperature corresponding to winter-spring recruitment (solid line). 
4. 3. 2 Seasonality of sporophyll development and sporogenesis. 
The total sporophyte length and sporophyll weight of Undaria pinnatifida 
sporophytes varied significantly with season (p < 0.001, Figure 24A). Sporophyll dry 
weight ofthe new sporophyte generation (1995) increased gradually from February to 
August, before increasing to maximum levels from September to October 1995 (p = 
0.01; Figure 24B). Data collected for two successive generations represented from 
October 1994 to February 1995, and February to October 1995, indicated that 
sporogenous individuals were present throughout the year and that percentage fertility 
correlated to the mean monthly length of the seaweeds (r2 = 0.58, p = 0.001; Figure 
24B). 
4. 3. 3 Seasonality of recruitment. 
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Three distinct episodes of recruitment occured (p= 0.01); 1. July 1993 to January 
1994; 2. April to October 1994 and; 3. August to October 1995. These three periods of 
recruitment occured in autumn or in winter-spring (Figure 23B). Recruitment also 
occured from March to May 1995 (p = 0.01), but the density of sporelings was low 
(9.88 ± 4.88 sporelings m-2) and all recruits died within two weeks of their appearance 
(pers. obs.). Therefore, no hiatus occured between successive sporophyte generations in 
1994, as the appearance of spore lings corresponded to the disappearance of the previous 
sporophyte generation(#). However, a seasonal hiatus of six months (March to August 
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Figure 24: (A) %fertility and, (B) seaweed length (----) and sporophyll dry 
weight ( -111- ), for Undaria pinnatifida from Carey's Bay. Dashed and full lines 
represent seaweeds from the 1994 and 1995 seasons, respectively. Points 
represent the mean (n=10) ± 1 S.E. 
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Autumn recruitment in late March 1994 coincided with the disappearance of the 
previous sporophyte generation (Figure 23B). However, the appearance of sporelings in 
April1994, and the ineffectual period of recruitment during April1995, occured 2-3 
weeks after SST had decreased from a maximum of 18-18.5°C to a minimum of 13°C, 
and coincided with the autumn equinox (Figure 23A). Mid-winter recruitment of 
Undaria pinnatifida coincided with an average SST of rc and increasing photoperiod. 
Recruitment began in early July 1993, and in late August in 1995. This delay in 
recruitment coincided with a lower winter SST minima (4.4°C) in 1995, compared to a 
minimum SST of 6.4°C in July 1993 (Figure 24A). 
4.4 DISCUSSION. 
4.4.1 Geographic variation in the phenology ofUndaria pinnatifida. 
The seasonal variation in population structure of Undaria pinnatifida observed 
in Carey's Bay is similar to other studies of populations growing in Wellington harbour 
and on the eastern coast of Korea (Koh and Shin 1990, Hay and Villouta 1993). The 
timing of sporophyte degeneration is similar for U pinnatifida populations from various 
sites around the world (Table 16). Sporophytes generally degenerate within a four 
month period over summer and early autumn. However, the timing of recruitment is 
more variable and may occur in autumn, from winter to mid-spring, or year round 
(Table 16). A seasonal hiatus between generations, and the presence of juvenile and 
mature seaweeds throughout the year, is absent in regions with small temperature 
Table 16: Variation in the appearance and degeneration of the sporophyte stage of Undaria pinnatifida from various sites. In order to 
allow comparison between boreal and austral months, northern hemisphere months are expressed as their southern hemisphere equivalents 
(i.e. plus six months). 
LOCATION 
Northern Hemisphere, Asia 
N. E. Honshu, Japan 
East coast, Korea 
South Shikoku, Japan 
S.E. Hokkaido, Japan 
Zheijang province, China 
Northern Hemisphere, Europe 
l'Etang de Thau, Mediterranean 
Venice, Mediterranean 
Brittany, French Atlantic 
·Southern Hemisphere 
Wellington, New Zealand 
Oamaru and Timaru, New 
Zealand 
Otago Harbour, New Zealand 
APPEARANCE 








all year round 
all year round 
all year round 






















Akiyama and Kurogi 1982 
Koh and Shin 1990 
Koh 1983 
Tsutsui and Ohno 1993 
Kanda 1936 
Zang et al. 1984 
Perez et al. 1981, 1984 
Curiel et al. 1994 
Floc'h et al. 1991 
Hay and Villouta 1993 




ranges and a summer temperature maxima of 15-19°C, but is evident in regions with a 
wide temperature range and summer temperature maxima of23-29°C (Table 16). As 
the upper boundary for sporophyte growth is 20°C and the upper lethal limit is 25°C 
(Sanderson and Barrett 1989), the occurrence of sporophytes throughout the year may 
be due to the absence of lethal temperatures during summer. 
4.4.2 Initiation of recruitment and the over-lap of successive sporophyte generations. 
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Undaria pinnatifida sporophytes in Carey's Bay exhibit a annual growth cycle 
(Chapter 2) and the seasonal changes in population structure shown in this study do not 
indicate the persistence of successive cohorts through to the next season. Stunted 
sporophytes with precocious sporophyll development were observed in Carey's Bay 
(Chapter 3) and agree with similar observations of precocious sporophyll development 
in U pinnatifida and Costaria costata (Hay and Villouta 1993, Maxell and Miller 
1996). However, such seaweeds observed in Carey's Bay represent the early recruits of 
the next sporophyte generation, and cannot be interpreted as evidence of the persistence 
of sporophytes from the previous season or the presence of successive generations 
within a single population (cf. Hay and Luckens 1987, Hay 1990a). 
4. 4. 3 Influence of the environment on Undaria pinnatifida phenology. 
In contrast to the seasonality of recruitment exhibited by Undaria pinnatifida in 
the present study, Hay and Villouta (1993) reported the appearance of spore lings 
throughout the year on ropes suspended in Wellington Harbour. From these 
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observations they deduced that spores where always present in the water column, 
however, the disparity between year-round sporogenesis and seasonal recruitment in 
Carey's Bay indicates that the life-cycle of U pinnatifida is arrested at some stage 
between sporogenesis and the appearance of macroscopic sporelings. Previous studies 
on Ecklonia radiata and Macrocystis pyrifera show that the presence of sporangia does 
not indicate a continuous release of spores in situ and that variation in the biomass of 
reproductive tissue (size and number of mature individuals) may influence seasonal 
patterns in the timing and magnitude of spore release (Anderson and North 1966, Joska 
and Bolton 1987). Therefore, the presence of sporangia throughout the year in Carey's 
Bay does not indicate that U pinnatifida is releasing spores throughout the year. The 
physiological requirements of spore release were met for most of the year in Carey's 
Bay (Table 17), which suggests that U pinnatifida is capable of releasing spores in all 
but the coldest days of winter in Carey's Bay. However, further investigation of in situ 
spore release is required before the seasonality of sporogenesis, sporophyll development 
and spore release can be related to seasonal patterns of recruitment of U pinnatifida in 
Carey's Bay. 
Germination of Undaria pinnatifida spores occurs between 13-24°C (Saito 
1956), and is most successful immediately after spore release, with germination success 
declining after several hours (Suto 1950, Arakawa and Morinaga 1994). Based on these 
temperature requirements and the increased risk of mortality posed by delayed 
germination (Vadas et al. 1992), the duration of successful spore settlement and 
germination in Carey's Bay, occurs only from December to March. This period 
Table 17: Temperature tolerances and optima for various stages in the lifehistory of Undaria pinnatifida. 
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Arasaki and Arasaki 1983 
Bardach et al. 1982 
Zang et al. 1984 




coincides with the senescence of the sporophyte generation and increasing PFD 
following the removal of the canopy of mature sporophytes. It is therefore possible that 
the autumn recruitment of U pinnatifida in 1994 was the result of the settlement and 
germination of spores from December to March, and the subsequent maturation of 
gametophytes when light levels increase following canopy removal in autumn. 
The inhibition of kelp recruitment by reduced PFD under a canopy of seaweeds 
is well documented in Macrocystis pyrifera (Dayton et al. 1984, Reed and Foster 1984, 
Pearse and Hines 1979, Dayton et al. 1992, Ambrose and Nelson 1982, Santelices and 
Ojeda 1984, Dean et al. 1989) and the dormancy of gametophytic microthalli under 
conditions of low PFD and darkness has been reported for periods of two to seven 
months in several kelp species (Kain 1964, Kain 1969, Chapman and Burrows 1970, 
Hsaio and Druehl1973a, Luning 1980a, Hoffman and Santelices 1982, Novaczek 
1984b, Bolton and Lewitt 1985, Novaczek et al. 1986). Norton and Burrows (1969b) 
also documented that the development of Saccorhiza polyschides getmlings may be 
prevented by low PFD in winter. The initiation of autumn U pinnatifida recruitment in 
1994 could therefore involve a switch from vegetative gametophyte growth to 
gametogenesis and/ or resumed development of microscopic sporophytes, due to a rapid 
increase in PFD following the senescence of the previous sporophyte generation. 
In the present study, autumn recruitment during 1994 corresponded with the 
removal of the sporophyte canopy, temperatures of 13 °C, and the autumn equinox 
(Figure 25). However, ineffectual recruitment during the same period in 1995 indicates 
that the appearance of Undaria pinnatifida sporophytes in Carey's Bay was inhibited by 
environmental conditions at that time. Changes in temperature and PFD have been used 
to induce gametogenesis in U pinnatifida gametophyte cultures (Perez et al. 1992b ), 
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suggesting that these factors may regulate recruitment of U pinnatifida in Carey's Bay. 
Transfer of gametophytes from 40 1-lmol m-2s-1 at 22°C, to 55 1-lmol m-2s-1 at 17°C, 
have been used to initiate gametophyte maturation and gamete release (Ohno and 
Matsuoka 1993). This has been further augmented by the transfer of gametophytes from 
a 14:10 LD to a 12:12 LD photoperiod (Perez et al. 1992a). These conditions 
approximate those which occured when recruitment was initiated in Carey's Bay during 
April 1994, which were characterised by an increase in incident PFD following canopy 
removal, downward oscillations of sea surface temperatures, and a decrease from long 
days to a 12:12 LD photoperiodic cycle. However, the amplitude of daily SST 
oscillations were greater during the period of recruitment in 1994, than for the same 
period during 1995 (Figure 25). These short-term temperature oscillations in Otago 
Harbour correspond to the tidal cycle (ca. 30 days), and are consistent with the 
warming of water on the flood tide within the shallow harbour (Skerman 1958). The 
relative importance of temperature and PFD to the induction of gametogenesis in U 
pinnatifida is not known, but the correspondence of inter-annual variation of SST and 
the ineffectual recruitment of U pinnatifida during 1994, suggests that temperature is an 
important factor influencing the phenology of U pinnatifida in Carey's Bay. Greig et 
al. (1988) showed that inter-annual variation in SST occuring within Otago Harbour 
could be correlated to the El Nifio Southern Oscillation (ENSO) phenomenon, which is 
accompanied by lowered SSTs throughout New Zealand's coastal waters. Three years 
of data do not allow for conclusions to be drawn regarding the influence of ENSO upon 
the recruitment of U pinnatifida. However, the influence of ENSO on upwelling 
(Roughgarden et al. 1988), may have delayed the annual break-down of the near-shore 
summer thermocline during 1995, thereby preventing the autumn influx of cool, nutrient 
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Figure 25: (A) Deviations of daily sea surface temperature from the 43 year 
mean. Points represent the mean (n=5) ± 1 S.E. (B) Density of Undaria 
pinnatifida sporelings (length< 0.5 em). Each point represents the mean (n=6) 
± 1 S.E. #indicates the disappearance of the previous sporophyte generation. 
Vertical stipled lines show the periods of interest corresponding to recruitment 
from April to June 1994 and the same period during 1995. 
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emiched seawater into Otago Harbour. This tentative link between ENSO and the 
recruitment of U pinnatifida requires verification through daily comparison of in-shore 
and off-shore SST, and comparison between seasonal recruitment patterns, seasonal 
variations in SST and the Southern Ocean Index (SOl). 
Although elevated SST during autumn 1995 may have prevented recruitment of 
Undaria pinnatifida at that time, the resumption of recruitment during the winter and 
spring of 1993 and 1995 is more difficult to explain. Environmental conditions during 
the winter and spring recruitment periods were within the physiological limits for 
gametophyte growth and gametogenesis (Tables 17-19), but outside those required for 
spore germination (Saito 1956). Therefore, sporelings appearing during winter and 
spring could not have resulted from the germination of zoospores and immediate 
maturation of the gametophyte generation. It is more likely that the spore lings 
appearing during winter and spring either result from the maturation of gametophytes 
which settled in summer and autumn and have remained vegetative until winter and 
spring, or result from the resumption of growth in young sporophytes, which remain 
dormant over winter. 
Table 18: Effects of photoperiod on the growth and gametogenesis in Undaria 
pinnatifida sporophytes and gametophytes. 








Gametogenesis occurs on 




Fang et al. 1982 
Perez et al. 1992a 
Table 19: Light tolerance and optima for growth and maturation of Undaria pinnatifida sporophytes and gametophytes. Illuminance (lux) has 
been converted to PFD ()lmol m-2s-I) using the conversion factor of0.0185. 
SPOROPHYTE GROWTH 
10.5-74 11mol m-2s.:I (young) 
9-56 11mol m-2s-I 
2 )lmol m-2s- I (light compensation) 
330 11mol m-2s- I (light saturation) 
GAMETOPHYTE GROWTH AND GAMETOGENESIS 
GROWTH GAMETOGENESIS 
10.5-74)lmol m-2s-1 10.5-74)lmol m-2s-1 
40-110 11mol m-2s- I ca. 3 11mol m-2s- I not possible 
18.5 11mol m-2s-I@ 25°C 40-110 11mol m-2s-I 
< 9)lmol m-2s-1 @ 28°C 18.5 11mol m-2s-1 @ 25°C 
18.5 11mol m-2s- I @ 20°C inferior < 9 )lmol m-2s-1 @ 28°C 
18.5 11mol m-2s-1 growth and maturation optimal 
40-120 )lmol m-2s- 1 @ 28°C 
<40 11mol m-2s-1 @ 22°C 
ca. I )lmol m-2s-I dead 
4 -10 11mol m-2s- 1 growth good 
41 ~tmol m-2s- 1 growth inhibited. 
18.5 11mol m-2s-1 @ 20°C inferior 
40-120 11mol m-2s-1 @ 28°C 
30 11mol m-2s- 1 @ 17°C 
Transfer from 40 )lm~l m-2s-l @ 22°C to 







Akiyama and Kurogi 1982 
Ikenoue 1983 
Perez et al. 1992b 





The over-wintering of microthalli is not without precedent, as amorphous germlings of 
Dictyota dichotoma enable the alternation of isomorphic generations to occur in regions 
where winter temperature minima prevent the growth of erect thalli (Richardson 1979). 
Similarly, Keats and South (1985) suggested that Saccorhiza dermatodea over-wintered 
as gametophytes or microscopic sporophytes. The development of S. polyschides 
germlings may be prevented by low PFD in winter (Norton and Burrows 1969b ), and it 
is possible that the development of Undaria pinnatifida gametophytes or germlings are 
arrested by low PFD during winter. Without doubt, temperature and short photoperiod 
are the major factors mitigating recruitment during winter and spring in Carey's Bay, 
but further laboratory and field experiments are required to determine whether U 
pinnatifida over-winters as a gametophyte or microscopic sporophyte. 
Flexibility in the timing of recruitment is an important feature enabling an 
introduced plant species to adapt to changing environments (Bazzaz 1986). Similarly, 
inter-annual fluctuations in the population size of colonising annual species have been 
correlated to patterns of environmental variation during critical phenological stages such 
as reproduction and recruitment (Jain 1975). Temperature may indeed be an important 
factor influencing the appearance of Undaria pinnatifida sporelings in Carey's Bay, but 
inter-annual fluctuations in recruitment may be affected by stochastic events which 
cannot be accounted forby environmental factors. For example, algal recruitment is 
influenced by several factors such as spore dispersal patterns, spore settlement, 
germination success, and the survival of the gametophyte stage (Hoffman 1987, 
Santelices 1990). It is therefore possible that the variable U pinnatifida recruitment 
observed in this study represents the effects of stochastic processes such as spore 
dispersal upon life history events which are cued by environmental factors. 
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Nevertheless, the ability of U pinnatifida to complete its annual life history regardless 
of environmental and stochastic variation demonstrates a degree of flexibility which has 
enabled U pinnatifida to colonise regions over a wide latitudinal range and 
environments which differ from those experienced in its endemic habitat. 
Chapter 5 
The effect of temperature and light on gametogenesis 
and gametophyte growth of Undaria pinnatifida. 
5.1 INTRODUCTION. 
Previous research on the influence of environmental factors on gametogenesis 
and gametophyte growth in the Laminariales has lead to the conclusion that the control 
of gametogenesis and gametophyte growth represent two separate, antagonistic 
morphogenetic pathways, each with different physiological requirements (LUning and 
Neushul1978, for a review of the genus Laminaria see Kain 1979). Consequently, the 
investigation of growth or gametogenesis has been conducted under conditions that 
promote one developmental pathway at the expense of the other (Kain 1979). Initial 
investigations of factors influencing the development of gametophytes investigated the 
effect of nutrients on vegetative and reproductive development in Laminaria digitata, 
L. saccharinaandL. hyperborea(Harries 1932,HsiaoandDruehl1971, 1973a,b). 
These authors found that phosphate and nitrate were necessary for growth and 
reproduction of gametophytes in culture. Iodide was not essential for growth and 
reproduction, but iodide accelerated gametophyte development at low concentrations 
and was toxic at high concentrations. More recent studies indicate that the growth and 
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reproduction of L. religiosa, L. japonica and Undaria pinnatifida may be iron limited, 
in the Japan sea (Matsunaga et al. 1991, Suzuki et al. 1995). 
The effects of light on the growth of laminarian gametophytes are generally 
described in terms of critical and saturating levels of PFD for gametophyte growth and 
gametogenesis (Kain 1964, Kain 1969, Vadas 1972, Cosson and Gayral1978, Luning 
and Neushul 1978, Ltining 1980b, Novaczek 1984b, Bolton and Lewitt 1985). 
However, the action spectra for growth differs from gametogenesis such that many 
members ofthe Laminariales require a specific blue quantum dose (400-512 nm) to 
become fertile (Luning and Dring 1975). This requirement for blue quanta was first 
demonstrated in L. saccharina, L. digitata and L. hyperborea (Harries 1932), but the 
significance of this requirement remained un-noticed until the experiment was repeated 
on L. saccharina 43 years later (Luning and Dring 1975). Photosynthetic data from this 
experiment indicated that the action spectra for gametogenesis differs from that required 
for photosynthesis and it was suggested that gametogenesis may be a specific 
morphogenetic response that is independent of photosynthesis and growth. A blue 
quantum requirement for gametogenesis has since been demonstrated for Laminaria 
digitata, L. farlowii, L. hyperborea, L. japonica, Macrocystis pyrifera, Pterygophora 
californica and Undaria pinnatifida (Luning and Dring 1975, Luning and Neushul 
1978). 
Luning ( 1980a) investigated the effects of temperature on the blue light 
requirements for gametogenesis in Laminaria. He found that vegetative growth was 
independent of the spectral composition of incident light, but gametogenesis exhibited a 
dose requirement'for blue quanta ( 400-500 nm), which decreased with decreasing 
temperature. Further, Luning (1980a) proposed that results of previous studies in which 
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fertility was induced by reducing the temperature at a constant PFD (Schreiber 1930, 
Yabu 1964), could be explained by the lower quantum dose required to induce fertility 
at reduced temperatures. 
In previous chapters, Undaria pinnatifida sporophytes where shown to exhibit 
annual growth within Carey's Bay (chapter 2). Recruitment was shown to either follow 
the senescence of the previous generation in autumn, or was delayed until late-winter 
and spring (chapter 4). As the appearance of macroscopic sporelings in late-winter and 
spring suggests that the transition between gametophyte and sporophyte generations can 
occur at temperatures which are sub-optimal for gametophyte growth and maturation, 
this experiment will investigate the interactive effects of PFD and temperature on the 
growth and gametogenesis of U pinnatifida over the temperature range experienced in 
Carey's Bay and determine the effects of sub-optimal temperature on gametophyte 
growth and gametogenesis. Although the effects of total quantum dose on growth and 
gametogenesis cannot be separated, the onset of maturity at each temperature should 
give an indication as to the quantum dose requirements for gametogenesis at these 
temperatures. Following substantiation of the blue quantum requirement for 
gametogenesis in U pinnatifida, the quantum dose requirements can be converted to 
blue quantum dose requirements for comparison with other laminarian kelps. 
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5.2METHOD. 
5. 2.1 Seawater sterilisation. 
Seawater was collected from Carey's Bay and filtered through a Whatman GF/C 
glass microfibre filter before being enriched with additional nutrients (Novaczek 1984c; 
Appendix 2). Seawater was then sterilised by microwaving 1.5 L of seawater in 0.5 L 
polycarbonate bottles. Seawater was microwaved for 3 minutes on high (reaching 
1 00°C) before shaking and venting the bottle in a lamina flow hood. This procedure 
was repeated 4 times. 
5.2.2 Spore suspensions and settlement. 
The following procedure was developed from methods employed in the 
mariculture of Undaria pinnati.fida (Perez et al. 1988, Perez et al. 1992b) and 
gametophyte culture (Druehl pers. com.). Sporophylls obtained from five mature U 
pinnati.fida were collected from Carey's Bay in January 1996. The sporophylls were 
immediately excised from the algae and transported to the laboratory on ice. All rough 
edges and non-sporing tissue were cut away and the sporophylls scrubbed clean of 
epiphytes and mucilage using chilled seawater and a toothbrush. The tissue was then 
sterilised in a 0.5% solution of Betadine TM and chilled sterilised seawater. The 
sporophylls were immersed in the Betadine solution, shaken vigorously for 20 seconds 
and rinsed with chilled, sterilised seawater. This procedure was repeated three times 
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before the reproductive tissue was left at room temperature, in the dark to desiccate for 6 
hrs. The tissue was then placed in an air-tight plastic bag and stored at 4 oc overnight. 
Zoospores were obtained by placing the sporophyll fragments in chilled 
sterilised seawater and agitating vigorously with a magnetic stirrer for 2 hrs. The 
sporophyll fragments were then removed and the stock solution (1.2 x 1 Q5 zoospores 
per mL) was diluted with sterilised seawater to a concentration of 1 x 1 Q4 zoospores per 
mL. Zoospores were settled onto round coverslips for 2 min, then removed from the 
spore solution and placed in Nunclon™ (60 x 15 mm) petri dishes containing emiched 
seawater media modified from Novaczek (1984c; Appendix 2). Diatoms and bacteria 
were controlled with the addition of2.5 mg r1 germanium oxide and 50 ppm 
kanamycin. Duplicate coverslips were placed in a single petri dish. Zoospores were 
germinated at 12:12 LD, H)oc and PFD of30 f.Lmol m-2s-1 until they reached the two 
cell stage, at which time cultures were moved to their respective treatments and initial 
measurements were recorded. The enriched seawater media was changed every five 
days. 
5. 2. 3 Experimental conditions. 
Triplicate gametophyte cultures were grown at temperatures of 7, 10, 13 and 16° 
C. Cultures grown at 7°C were grown in a light field containing 40, 30, 20, 10 and 
5 f.Lmol m-2s-1 and cultures grown at 10, 13 and 16°C received 50, 40, 30 and 
1 0 f.Lmol m -2s-1. All temperature treatments contained a light treatment with a PFD of 
30 f.Lmol m-2s-1, without blue quanta ( 400-500 nm), to verify that Undaria pinnatifida 
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has a blue light requirement for gametogenesis. A dark treatment at each temperature 
was also used to test the gametophyte's ability to survive long periods of darkness. 
These treatments were subjected to 40 days darkness at each temperature, then 
transfered to 16°C and 30 J..Lmol m-2s- 1. Gametophyte growth was then monitored to 
determine whether the cultures had survived. Gametophyte viability was not assessed in 
dark treatments as only gametophte growth was observed and gametogenesis did not 
occur during the experiment. 
All cultures were grown under 12:12 LD, cool white fluorescent light within 
Sanyo MLP-350 and Contherm Cat 240 incubators. PFD was regulated using layers of 
neutral density acetate gel and dark cultures were enclosed in thick black polythene. To 
block blue quanta from selected cultures, acetate gel was used (Deep Straw #15; 
Supergel™ Rasco, London U.K.). The spectral composition of incident light was 
measured using a spectroradiometer (Optronic Laboratories Inc., Model 754-0-PMT) 
and PFD measured using a LiCor Li-189 Quantum Meter. The spectral distribution of 
the spectrum (300-700 nm) emitted by cool white fluorescent tubes contained 20% blue 
quanta ( 400-500 nm), but this value decreased to 1% when the light was passed through 
the acetate gel (Figure 26). 
The nomenclature used here for terms refering to light follow those of Luning 
(1980b). Photon flux density refers to the amount of quanta received per unit area (J..Lmol 
m-2s-1 ). Quantum dose and blue quantum do.se refer to the number of quanta per unit 
area of white light and blue light (400-500 nm), respectively. These were calculated by 
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Figure 26: Spectral composition of light from cool white fluorescent tubes (solid 
line) and light of the same source passed through an acetate gel (Deep Straw 
#15 Supergel ™, stipled line). Points represent the mean (n = 5) ± 1 S.E. 
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5. 2. 4 Gametophyte fertility and growth. 
Gametophytes were monitored every five days by inverting the coverslip onto a 
cavity slide and viewing under an Olympus CH-2 microscope linked to a Panasonic 
WV -Fl5HSE video camera. Transects were filmed along each coverslip until the 
percentage fertility (presence of oogonia) was scored in 100 female gametophytes. This 
was repeated every five days. To estimate growth rates, video images of20 male and 20 
female gametophytes were selected at random and their surface area estimated to the 
nearest mm2 using an image analysis system (Skye Leaf Measurement System Vl.OO). 
Time (days) to 50% fertility of female gametophytes was calculated using probit 
analysis (Finney 1951) and differences between temperatures and PFD were then tested 
using ANOV A. Relative growth rates (J.L), expressed per unit surface area, were 
calculated for male and female gametophytes using the following formula (Kain 1987a): 
where A 1 =initial area 
A2 =final area 
T z-T 1 = duration of experimental period (days) 
Comparisons of the maximum relative growth rates (!l(max)) at each temperature and 
PFD were conducted using analysis of variance (ANOVA) and Duncan's new MRT. 
The relationship between growth rate and fertility was determined using regression 
analysis and differences bet\yeen the growth rates of male and female gametophytes 
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were tested using Duncan's new MRT. The level of significance for comparisons wasp 
= 0.05, unless otherwise stated. All statistical analyses were conducted using Teddybear 
(Wilson 1975). 
5.3 RESULTS. 
5. 3.1 Description of gametophyte development. 
Gametophyte development of Undaria pinnatifida is presented diagramatically in 
Figure 27. Zoospore settlement occured within 10 seconds of addition of a coverslip to 
the spore suspension, and germination occured within the first day of the experiment. 
Germination was characterised by the production of a germination tube and the 
migration of the cytoplasm into the tube to form the first gametophyte cell (Figure 27 A). 
Sexual dimorphism became apparent ca. 6-8 days after germination. Unlike 
gametophytes grown at 7 and 1 0°C, gametophytes of U pinnatifida grown at at 13 and 
16°C did not develop oogonia at the one cell stage and required a period of vegetative 
growth before oogonia were produced. Once the female gametophyte became 
reproductive, it was common for every vegetative cell of a gametophyte to become an 
oogonium. Similarly, male gametophytes became highly ramified and antheridia were 
not observed at the unicellular stage (Figure 27C). Eggs were fertilised when still 
attached to the gametophyte and after they were released from the oogonium. Further 
division ofthe zygote produced young sporophytes which remained joined to the female 
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Figure 27: Developmental series of Undaria pinnatifida gametophytes grown at 
16°C and 30 11mol m-2s-1. 
A. Gametophytes before sexual dimorphism becomes apparent. 
B. Male and female gametophytes. 
C. Ramified appearance of fertile male gametophyte, and female gametophyte 
containing oogonia (n). 
D-E Young sporophytes (2n) attached to remnants of female gametophyte (n). 
F Young sporophyte showing rhiziods developing at the base of the blade. 
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5.3.2 Effects of temperature, PFD and blue quanta on the growth ofUndaria pinnatifida 
gametophytes. 
Undaria pinnatifida gametophyte growth rate was affected by PFD, temperature 
and a significant interaction between these two factors (p < 0.001; Figure 28-29). 
Gametophyte growth rate was light-saturated at 10 1-Lmol m-2s-1 at all temperatures and 
the growth rates of male and female gametophytes was similar in all treatments (p > 
0.05). The absence of blue quanta had no overall effect on gametophyte growth rate (p > 
0.05, Figure 30). All gametophyte cultures which were kept in darkness for 40 days 
germinated in darkness and produced a germ tube, but the cell contents did not migrate 
to form the primary gametophyte cell. All cultures were observed to grow vegetatively 
once they where transferred to 16°C and 30 1-Lmol m-2s-1. 
5.3.3 Effects of temperature, PFD and blue quanta on the maturation ofUndaria 
pinnatifida gametophytes. 
The time course for the development of Undaria pinnatifida oogonia, grown at 
various temperatures and PFD, is shown in Figure 31. The minimum time for the 
production of oogonia was ca. 20 days after germination at 16°C. However, 
gametogenesis was significantly delayed by a reduction in temperature ( p < 0.001). At 
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Figure 28: Influence of temperature and photon flux density on the growth rate 
of male and female Undaria pinnatifida gametophytes. Letters represent 
similarity at p = 0.05 between the growth rates for the combined data set of male 
and female gametophytes. Points represent the mean (n = 3) ± 1 S.E. 
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Figure 29: Surface area of female Undaria pinnatifida gametophytes grown for 
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Figure 30: Influence of blue quanta at various temperatures, on the growth rate 
of male and female Undaria pinnatifida gametophytes. Points represent the 
mean (n = 3) ± 1 S.E. NS = not significant. 
Figure 31: Time series of fertility for Undaria pinnatifida gametophytes grown 
under various regimes of temperature and PFD (12: 12 LD). Points represent the 
mean (n = 3) ± 1 S.E. 
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days at 16°C, 29 days at 13°C, 33 days at 10°C and 35 days at 7°C (Table 20). 
Gametogenesis was unaffected by PFD in all cultures which attained a significant level 
of fertility (>50%). Cultures attained a significant level of fertility (>50%) at 20 J.! 
mol m-2s-1 at all temperatures, but also at 10 J..Lmol m-2s-1 at 7°C (Figure 32). 
The absence ofblue quanta (400-500 nm) inhibited gametogenesis at all 
temperatures tested (Figures 5-6), but a low level of fertility ( < 10%) was observed 
after 30 days (Figure 31 ). The relationship between gametogenesis (expressed as the 
time to 50% fertility) and total blue quantum dose is shown in Table 20. The critical 
blue quantum dose for gametogenesis was 3.5 mol m-2 at 10-16°C and 3 mol m-2 at 
7°C. 
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Table 20: Number of days to 50% fertility for Undaria pinnatifida gametophytes and 
the corresponding blue quantum dose at various temperatures and PFDs. The blue 
quantum dose values in parentheses are the total doses for each treatment at the 
termination ofthe experiment (n = 3). Letters indicate similarity within each 
temperature treatment at p = 0.05. 
Temperature (°C) Photon Flux Days to 50% Blue Quantum 
Density Fertility Dose to 50% 
(!-Lmol m -2 s "1) Fertility ~mol m· 
2) 
16 50 28.5 ± 1.6 a 12.3 
40 23.5 ± 0.9 b 8.1 
30 26.0 ± 1.6 ab 6.7 
20 23.5 ± 0.7 b 4.1 
10 1 (3.5) 00 
13 50 28.8 ± 1.0 a 12.4 
40 27.5 ± 0.1 a 9.5 
30 30.7 ± 1.2 a 8.0 
20 28.3 ± 0.9 a 4.9 
10 00 (3.5) 
10 50 31.6 ± 0.8 a 13.7 
40 31.6±1.3a 10.9 
30 32.4 ± 0.5 a 8.4 
20 36.8 ± 3.0 b 6.4 
10 00 (3.6) 
7 40 32.8 ± 1.1 a 11.3 
30 37.4 ± 2.4 b 9.7 
20 36.3 ± 1.3 ab 6.3 
10 35.1 ± 1.5 ab 3.0 
5 approx. 40-50 (1.9) 
1: A oo indicates that 50% fertility was not obtained during the course of the experiment. 
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Figure 32: Influence of temperature and photon flux density on the fertility of 
female Undaria pinnatifida gametophytes. Points represent the me'an 
(n = 3) ± 1 S.E. and letters indicate similarity within temperature treatments at p = 
0.05. 
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Surface Area= 0.006 mm2 Surface Area= 0.009 mm2 
120 J..Lm 
Surface Area= 0.008 mm2 Surface Area= 0.005 mm2 
Figure 33: Surface area of female Undaria pinnatifida gametophytes grown for 
25 days at 30 J..Lmol m-2s-1 and a range of temperatures, without blue quanta 
(400-500 nm). 
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26 ± 2 days to 50% fertility 31 ± 1 days to 50% fertility 
120 !J.m 
32 ± 0.5 days to 50% fertility 37 ± 2 days to 50% fertility 
Figure 34: Effect of temperature on the growth rate and maturation of female 
Undaria pinnatifida gametophytes after 25 days at 30 !J.mol m-2s-1 under cool 
fluorescent white light. 
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5.4 DISCUSSION. 
5. 4.1 Blue quantum requirement for gametogenesis in Undaria pinnatifida. 
In this study, vegetative growth of Undaria pinnatifida was independent of the 
spectral composition of incident light, but gametogenesis exhibited a blue quantum 
requirement. A low level of fertility was evident in treatments lacking blue quanta after 
a long period of growth and was attributable to leakage of a low level of blue light (1% 
of incident quanta) through the acetate gel. The blue quantum requirement for 
gametogenesis in U pinnatifida is similar to that documented for other laminarian kelps 
(Table 21) and agrees with reports of a blue quantum requirement for gametogenesis in 
U pinnatifida (Luning and Dring 1975). However, the critical blue dose required to 
induce gametogenesis in U pinnatifida was not determined by these authors. 
Comparison of saturating PFDs for gametogenesis and gametophyte growth in 
Undaria pinnatifida with the PFD requirements of other laminarian kelps, indicates that 
U pinnatifida generally has a higher PFD requirement (Table 22). Nereocystis 
luetkeana requires a similarly high PFD for gametogenesis as U pinnatifida and Vadas 
(1972) suggested that this reflects an annuallifehistory and opportunistic colonisation 
strategy. Dayton et al. (1984) hypothesised that the germination of Macrocystis 
pyrifera was less light sensitive than N luetkeana and could competitively displace it. 
Subsequent experimentation indicated that M pyrifera was able to displace N 
luetkeana, but N luetkeana could co-habit with M pyrifera by colonising temporary 
gaps in the canopy. Several other studies have noted that annual species such as 
Table 21: Critical blue quantum dose requirements for gametogenesis at different temperatures in 
various members of the Laminariales 
SPECIES CRITICAL BLUE TEMPERATURE REFERENCE 
QUANTUM DOSE (oC) 
(mol m-2) 
Laminaria digitata 0.9 5 Luning 1980a 
1.1 10 
5.6 15 
ca. 8.5 18 




L. saccharina 0.9 5 
1.1 10 
2.3 15 
ca. 8.5 18 
Macrocystis pyrifera 1.1 12 Deysher and Dean 1984 
2.6 14 Luning and Neushul 1978 
Pterygophora californica 2.6 14 Luning and Neushul 1978 




Table 22: Saturating PFD for gametophyte growth and gametogenesis in various members ofthe Laminariales. 
-----·--- -
SATURATING PFD (11mol m-2s-1) 
SPECIES GAMETOGENESIS GROWTH REFERENCE 
Ecklonia radiata - 5 Novaczek 1984b 
E. maxima 60 20 Bolton and Lewitt 1985 
Laminaria spp. - 5-10 Luning 1980b 
Laminaria digitata 9-11 5-10 eosson 1975 
11@ woe - Kain 1969 
- 30@ 15°e Luning 1980b 
L. hyperborea 11@ woe - Kain 1969 
6.5@ 1ooe 6-7@ woe Kain 1964 
18.5-37@ 17oe -
- 20@ 15°C Luning 1980b 
L. saccharina 11@ woe - Kain 1969 
- 20@ l5°C Luning 1980b 
Macrocystis pyrifera - 10-20@ l4°C Luning and Neushul 1978 
Nereocystis luetkeana 20-40 - Vadas 1972 
Pte1ygophora - 10-20@ 14°e Luning and Neushul1978 
californica 
Saccorhiza polyschides - 11@ woe Kain 1969 





Desmarestia spp., Chordariajlagelliformis, Chorda tomentosa, Costaria costata, 
Cymathere triplicata and Saccorhiza polyschides, colonise cleared substata, but are 
subsequently displaced by perennial species, like Laminaria groenlandica, L. saccharina, 
L. hyperborea and M pyrifera (Kain 1975a, Duggins 1980, Cowen et al. 1982, Leinaas and 
Christie 1996). Although studies of annual kelps such as Saccorhiza polyschides, U 
pinnatifida and U undarioides document similar PFD requirements for gametophyte 
growth and gametogenesis as perennial seaweeds (Akiyama 1965, Segi and Kida 1957, 
Kain 1969), the high PFD requirements for gametogenesis and/or sporophyte growth of 
Nereocystis luetkeana and D. viridis (Vadas 1972, Chapman and Burrows 1970) suggest 
gametophytes grow vegetatively under the canopy and colonise temporary gaps within an 
established seaweed canopy by becoming fertile in response to the increased PFD. 
Alternative explanations for the high PFD requirement of U pinnatifida gametogenesis in 
this study, are that the high PFD requirement for the development of naturalised Undaria 
pinnatifida in Carey's Bay is due to the introduction of cultivated strains which have been 
selected to grow on artificial and floating structures (MacKenzie 1992), or reflects ecotypic 
variation arising from genetic drift and selective pressure upon the founding gene pool. 
5.4.2 Effects of darkness on gametophyte growth in Undaria pinnatifida. 
The response of Undaria pinnatifida gametophytes to darkness is similar to the 
dormancy of gametophytic microthalli under conditions of low PFD, or even darkness, 
reported for periods of two to seven months in other laminarian seaweeds (Kain 1964, 
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1969, Chapman and Burrows 1970, Luning 1980b, Hoffman and Santelices 1982, 
Novaczek 1984b, Bolton and Lewitt 1985, Novaczek et al. 1986). Although the settlement 
of U pinnatifida zoospores is rapid (Suto 1950, Arakawa and Morinaga 1994), 
gametophytes may form clumps within suspensions in the laboratory (pers. obs.), and it is 
likely that zoospores are capable of remaining suspended within ballast water as clumps of 
zoospores or attached to suspended particles. If spores can remain suspended during 
transit, gametophytes would be able to survive a 20 day journey to New Zealand from 
Japan or Korea (Williams et al. 1988). Similarly, the wide temperature tolerance of the 
gametophyte stage (-1 to 30°C, Saito 1975) would ensure survival of their passage through 
the tropics. 
5. 4. 3 The development ofUndaria pinnatifida gametophytes. 
The pattern of development exhibited by Undaria pinnatifida gametophytes in this 
study is similar to that observed for gametophytes of other laminarian seaweeds (Norton 
and Burrows 1969a, Kain 1979). However, gametogenesis in U pinnatifida gametophytes 
occured after a prolonged period of vegetative development in this study, compared to the 
shorter period of growth in other laminarian gametophytes (Table 23). Although it possible 
that vegetative growth of Undaria pinnatifida gametophytes is caused by deficiencies in the 
growth media (Kain 1979), similar media to that used in this study produces reproductive 
cultures of Ecklonia radiata and maturation of unicellular or few-celled female 
gametophytes after 14-15 days (Jennings 1967, Novaczek 1984b). The predominance of 
multicellular gametophytes in this experiment suggests that environmental conditions 
Table 23: Minimum and maximum number of days taken for laminarian gametophytes to become fertile over a range of 
conditions. 
SPECIES DAYS TO PFD PHOTOPERIOD TEMPERATURE Reference 
FERTILITY (11mol m-2s-1) (light: dark) (oC) 
Chorda tomentosa 7-14 11-45 12:12 1-8 Maier 1984 
C. filum 14 20-30 ? 5-12 Novaczek et al. 1986 
Ecklonia radiata 14 300 16:8 22 Jennings 1967 
E maxima 10-30 20-100 ? 5-22.5 Bolton and Lewitt 1985 
Laminaria digitata 13-14 11 12:12 10 Kain 1969 
L. hyperborea 10 11 12:12 10 
L. saccharina 8-9 11 12:12 10 
Lessonia trabeculata 20-27 1 90 12:12 12 Edding et al. 1993 
Macrocystis pyrifera 13-271 5-40 24:0 12 Deysher and Dean 1984 
16-191 5-40 12:12 12 
19-28 1 8-60 8:16 12 
Saccorhiza dermatodea 9-14 20-50 8:16 5-10 Henry 1987 
7-141 50 16:8 3-10 Norton 1977b 
S. polyschides 5-141 50 16:8 5-23 
7-8 11 12:12 10 Kain 1969 
Undaria pinnatifida 10-15 40 12:12 15 Suzuki et al. 1995 
10-28 10.5-74 15:9 5-25 Akiyama 1965 
10-24 10.5-74 10:14 5-25 
23.5-37 5-50 12:12 7-16 Present study 
U undarioides 3-14 0.4-89 natural 15-21 Segi and Kida 1958 





are not optimal for gametogenesis (LUning and Neushul 1978) and it is plausible that 
gametophyte growth at sub-optimal temperatures for gametogenesis have prolonged 
vegetative growth and lead to slower reproductive development. Previous studies of female 
gametophytes suggest reproduction at the unicellular stage (Jennings 1967, Norton and 
Burrows 1969a, LUning and Neushul1978, LUning 1980b), whereas vegetative growth was 
a prerequisite for U pinnatifida gametogenesis in this study. Investigation of the influence 
of environmental factors on the development of gametophytes generally requires that 
conditions are optimised in order to favour gametogenesis or gametophyte growth (Kain 
1979, LUning 1980b). Conditions which are optimal for gametogenesis would accentuate 
reproduction at the expense of vegetative growth and hence produce rapid maturation of 
gametophytes in those studies. However, growth of gametophytes in conditions which are 
sub-optimal for reproduction would prolong vegetative growth at the expense of 
reproduction and thereby lead to slower reproductive development. If this is the case, the 
slow development of gametophytes in this study may be due to the predominance of 
vegetative growth within a temperature range which is sub-optimal for gametogenesis. 
However, this is by no means conclusive as the culture media may also influence 
gametogenesis, as is indicated by several studies describing the effects of culture media on 
the vegetative and reproductive development of Laminarian gametophytes (Harries 1932, 
Carter 1935, Hsiao and Druehl1971, 1973a,b, Walton 1986). 
Although the physiological requirements of gametophyte growth and gametogenesis 
in the Laminariales indicate two seemingly separate and antagonistic developmental 
pathways (LUning and Neushul 1978), this is not evident for Undaria pinnatifida. In this 
125 
study, gametophyte growth was light-saturated at a PFD comparable to values documented 
for other members ofthe Laminariales (10-30 ).lmol m-2s-1; Liining and Neushul1978, 
Luning 1980b ). However, light intensities required to saturate gametogenesis in U 
pinnatifida were of the same order of magnitude as those required to saturate growth, which 
contrasts with other laminarian gametophytes requiring two to three times the growth 
saturating PFD to become fertile (Luning and Neushul 1978). Growth and reproduction of 
gametophytes in this study occured over the entire experimental temperature range and 
indicates that the physiological requirements of U pinnatifida gametophyte growth and 
reproduction are not mutually exclusive over the temperature range experienced in Carey's 
Bay (7-16°C, 43 year average). This temperature range, and consequently the temperature 
range employed in this experiment, is generally sub-optimal to the growth and 
gametogenesis of U pinnatlfzda (Table 24). This, combined with the predominance of 
multicellular gametophytes in this experiment, supports the suggestion of Luning and 
Neushul (1978) that environmental conditions are not optimal for gametogenesis if the 
female gametophyte consists of more than one cell before it becomes fertile. Indeed, the 
predominance of multicellular gametophytes and the coincidence of growth and 
reproduction in this study, does not necessarily indicate that an antagonism between growth 
and reproduction is absent in U pinnatifida, but only that the physiological requirements 
of each developmental pathway may be mutually inclusive within the range of 
environmental conditions employed in this experiment. 
Bolton and Lewitt (1985) found a similar situation for Ecklonia ma.:'dma, where the 
effect of sub-optimal temperature was the progressive slowing of gametophyte growth and 
Table 24: Temperature requirements for growth and maturation of Undaria pinnati.fida gametophytes. 
TEMPERATURE REQUIREMENTS (°C) 
GROWTH GAMETOGENESIS REFERENCE 
15·-24 8-15 Saito 1975 
17-24 optimal 
5-28 5-28 Akiyama 1965 
15-20 optimal 15-20 optimal 
15··23 - Saito 1956 
>25 arrested 
15-20 optimal 17-20 Fang et al. 1982 
15-20 optimal 
15-20 20-23 Bardach et al. 1982 




maturation. Gametophytes grown in sub-optimal light and supra-optimal temperatures 
grew vegetatively, and produced more eggs per gametophyte than in optimal conditions. 
The authors concluded that the fecundity of E. maxima gametophytes was enhanced by the 
delayed onset of reproduction and extended period of vegetative growth in response to sub-
optimal PFD and supra-optimal temperature. This mechanism was suggested to benefit the 
establishment of E. maxima in regions which were temporarily unfavourable for sporophyte 
growth, such as the fringes of its depth range or geographic distribution. At this point it 
must be emphasised that any attempt to explain ecological observations should be based 
experimental evidence using populations rather that clones. As the present study does not 
account for the reduced number of genotypes, any extrapolation of the implications of 
gametophyte culture to field observations should be regarded with caution. Nevertheless, it 
is evident that dispersal through human activity and adaption to a wide temperature range 
has enabled Undaria pinnatifida to colonise regions along a wide latitudinal range, from 
42°46" Sat Puerto Madryn, Argentina to ca. 29° Nat the Yushan Isles, China (Casas and 
Piriz 1995, Zang et al. 1984). van den Hoek (1982) commented that seaweeds endemic to 
Japan and adjacent coasts were characterised by lifehistories adapted to wide temperature 
fluctuations and were consequently capable of occupying wide latitudinal spans along 
temperate coasts with small annual fluctuations. The adaptability of U pinnatifida is 
certainly conferred, in part, by its heteromorphic life-history, but the ability of U 
pinnatifida to extend its distribution to include regions with small annual temperature 
ranges and to complete its lifehistory at temperatures which are lower than those 
experienced in its native habitat may also be conferred by the ability of U pinnatifida to 
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sustain growth and gametogenesis at sub-optimal temperature. There is some evidence to 
suggest that U pinnatifida introduced to New Zealand are strains which have been selected 
for cultivation upon secondary substrata, which confer a higher light requirement for 
gametogenesis in New Zealand populations than is experienced in wild populations of U 
pinnatifida in Japan and other laminarian kelps. However, a direct comparison of the 
physiological requirements of individual U pinnatifida populations is required before any 




A common problem faced in the assessment of an organism's invasive capacity 
is that ecologists are generally required to predict the outcome of an introduction 
without adequate knowledge of the host ecosystem and/or the invading organism 
(Ehrlich 1986). This is no fault of the scientist, but reflects the complexity of issues 
which must be assimilated in order to predict the possible impact of an introduction on 
the host ecosystem. The intentional introduction and establishment of Undaria 
pinnatifida to the French Atlantic coast (Perez eta!. 1984) attests to the danger of 
drawing conclusions of the invasive capability of U pinnatifida based on a priori 
assumptions. It is therefore of great importance that the possible ecological implications 
of the global spread of U pinnatifida are not ignored so that the misfortunes of many 
terrestrial ecosystems are not repeated in the marine environment (Mooney and Drake 
1986, di Castri et al. 1990). 
Perhaps the most alarming aspect of Undaria pinnatifida is that its spread has 
always been closely associated with human activities (Rueness 1989). Trans-oceanic 
and localised dispersal has been through encapsulation in ballast water, or as a fouling 
organism (Hay 1990a, Sanderson 1990). The potential of U pinnatifida as a 
maricultural crop means that its introduction has often been viewed as a windfall of 
130 
commercial opportunity (Hay 1992). However, interest in the intensive cultivation of 
U pinnatifida may wax or wane, depending on the success of each commercial 
endeavour, but the permanent legacy of commercial experimentation has been the 
successful spread and establishment of naturalised U pinnatifida populations (Floc'h et 
al. 1991, Castric-Fey et al. 1993) The purpose ofthis study was to add to the 
understanding of the ecophysiology of U pinnatifida and thereby enable a more 
informed assessment of the invasive capabilities of this seaweed. The following 
discussion infers more general implications of the research described in the previous 
chapters with regard the introduction and ecological impact of U pinnatifida. 
6.1 THE DISPERSAL CAPABILITIES OF UNDARIA PINNATIFIDA. 
Trans-oceanic dispersal of marine organisms through shipping is of immense 
importance to the potential introduction of exotic organisms to indigenous ecosystems 
(Carlton 1985). Carlton (1987) identified fourteen trans-oceanic routes and four inter-
oceanic routes for the dispersal of marine organisms within the Pacific Ocean. The 
primary method of organism dispersal was predicted to be shipping, both as fouling 
organisms and as organisms within ballast water (ibid.). Investigations of ship ballast 
water in Australia, have since detected two fish species, twenty-two zooplankton 
species, and sixteen benthic species, within ballast water and ballast water sediments 
(Williams et al. 1988). Not only are inshore shellfisheries in jeopardy due to the 
introduction of toxic dinoflagellates (Baldwin 1992, Hutchings 1992, Hallegraeff and 
Bolch 1992, Hallegraeff 1993 ), but the introduction of exotic species may affect 
indigenous ecosystems through exclusion of existing species or modification of 
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community structure (Barker 1994, Cohen et al. 1995, Grosholz and Ruiz 1995). At 
present, sixty-one exotic marine organisms have become established in New Zealand 
within the last 150 years, fifty-four of which where probably introduced either as 
fouling or in ballast (Hayward 1997). 
Trans-oceanic dispersal of Undaria pinnatifida in ballast water depends on the 
ability of pelagic propagules to survive a transoceanic voyage. The most probable 
means of inclusion and release of U pinnatifida within ship ballast involves zoospores 
and/or gametophytes. Inclusion of zoospores, germination en route, and the release of 
gametophyte stages has been suggested by Hay and Luckens (1987). However, the 
quiescence of zoospore stages (Tamura 1970) may permit zoospores to remain viable 
and germinate at the site of introduction. In this study, the rapid clumping of U 
pinnatifida zoospores in seawater suspensions, and the long-term survival of 
gametophytes in the dark, confirm that the inclusion of zoospores and/or gametophytes 
in ballast water is the most plausible form of trans-oceanic dispersal of U pinnatifida. 
Once Undaria pinnatifida has established at a new site, localised dispersal is 
possible as a fouling on the hulls of ships. Anecdotal evidence suggests that U 
pinnatifida may be spread from port to port as sporophytes and/or gametophytes 
attached to the hulls of vessels (Hay 1990a), and the dispersal of U pinnatifida within a 
harbour may be aided by the movement of sporophytes and/or gametophytes attached to 
buoys, barges and moored boats. The dispersal of propagules from an established, 
reproductive population will also be influenced by those factors affecting the general 
dispersal of seaweeds. The recent introduction of U pinnatifida to Stewart Island, New 
Zealand is associated with the mariculture of green-lipped mussels (Perna canalicula) 
and possibly through the inclusion of U pinnatifida zoospores in mussel spat collected 
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from the Marlborough Sounds. This spat was subsequently used to seed farms in Big 
Glory Bay, Paterson Inlet (L. Chaddertonpers. com.). Because of the close association 
of U pinnatifida with mussel and salmon aquaculture in the Marlborough Sounds and 
Stewart Island, U pinnatifida may become a problematic fouling organism of 
maricultural structures in the same manner as Sargassum muticum fouls beds of 
cultivated oysters at the etang de Thau (Belsher 1994, Verlaque 1994). 
6.2 THE VERTICAL DISTRIBUTION OF UNDARIA PINNATIFIDA. 
The vertical distribution of Undaria pinnatifida differs greatly between coastal 
areas with good water clarity, and ports or estuaries with turbid water (Boudouresque et 
al. 1985, Sanderson and Barrett 1989, Floc'h et al. 1991, Hay and Villouta 1993, Curiel 
et al. 1994). Floc'h et al. (1991) found that wild U pinnatifida populations inhabited 
rocky substrata at depths ranging from 5 to 18 meters in the clear coastal waters of 
Brittany, France. In Tasmania, U pinnatifida inhabits the shoreline from ML W to a 
depth of > 12 meters (Sanderson and Barrett 1989). Similarly, Saito (1975) reported 
wild populations of U pinnatifida from the lower intertidal to a depth of 15 meters in 
Japan. In contrast, U pinnatifida forms a dense, continuous fringe from 2-5 meters 
depth along steep break-waters and may be found from ML WN to 7-9 meters along the 
Container Wharf, in Lambton Harbour, Wellington (Hay and Luckens 1987, Hay and 
Villouta 1993). A similar vertical distribution is evident in Timaru Harbour, New 
Zealand where U pinnatifida grows to 5.5 m below ML W (Brown and Lamare 1994). 
These authors suggested that the limit of its vertical distribution was primarily 
determined by light, but wave exposure was suggested as a secondary factor 
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determining the distribution of U pinnatifida in Timaru Harbour. At Port Philip Bay, 
Australia, U pinnatifida grows at 3m in a sheltered habitat (S. Campbellpers. com.). 
As all of the available literature on Undaria pinnatifida in New Zealand 
concerns populations inhabiting enclosed harbours and ports (Hay and Luckens 1987, 
Hay 1990a, Hay and Villouta 1993, Brown and Lamare 1994), generalisations about the 
habit of U pinnatifida on the open coast based upon these studies should be made with 
caution. In this study, poor water clarity probably confined the bulk of the U 
pinnatifida population to the shallow sub-littoral fringe on wharf piles and adjacent 
rocky shore (Figures 5-6). As U pinnatifida spreads to the open coast, better water 
clarity may enable U pinnatifida to grow at greater depth. With an extended vertical 
distribution and the association with other seaweed species, it is possible that the 
potential habit of U pinnatifida may differ from that previously currently observed in 
New Zealand. Sanderson and Barrett (1989), noted that the growth of U pinnatifida in 
the Mercury Passage, Tasmania was restricted in areas of high water movement by the 
prolific growth of native seaweeds. However, the density of native seaweeds decreased 
with increasing depth, and it was suggested that the coincidence of high water 
movement and deep water may not restrict the spread of U pinnatifida as much as 
previously thought. It is therefore possible that U pinnatifida may colonise substrata in 
regions with clear water and low densities of native seaweeds. 
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6.3 THE POTENTIAL ECOLOGICAL IMPACT OF UNDARIA PINNATIFIDA. 
To determine the possible ecological impact of Undaria pinnatifida on native 
seaweeds, one must first appreciate the structure of the host seaweed communities 
before the introduction of U pinnatifida. For few sites of introduction are there 
quantitative descriptions of the benthic organisms prior to the introduction of U 
pinnatifida. In Otago Harbour, Watson (1992) made a detailed survey ofbenthic 
communities about the Portobello Marine Laboratory, prior to the discovery of U 
pinnatifida in 1996. Batham (1969) described the benthic ecology ofBig Glory Bay, 
Stewart Island, and Lewis (1983) investigated the composition and periodicity of 
subtidal algae on artificial structures in Port Philip Bay, Australia. Descriptive studies 
of Macrocystis beds and associated benthic organisms have also been published for the 
coast of Chubut, Argentina, including the Gulfo Nuevo (Barrales and Lobban 1975). 
Although these studies provide the basis for the evaluation of the impact of U 
pinnatifida, repeat surveys have yet to be conducted after the spread of U pinnatifida to 
these regions. As the objective of the present research was to study the ecophysiology 
of U pinnatifida in Carey's Bay, no attempt was made to quantitatively describe the 
ecological impact of U pinnatifida on native New Zealand seaweeds in Otago Harbour. 
However, from the existing literature on seaweed community structure and the ecology 
of U pinnatifida, it is possible to draw some tentative conclusions concerning the 
ecological impact of U pinnatifida about the world. 
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6.3.1 Europe. 
Laminarian kelps occupy broad vertical zones within the subtidal in European 
waters (Kain 1962, Schiel and Foster 1986). Laminaria digitata occurs in the shallow 
subtidal, but is out-competed by L. hyperborea at moderate depths (Kain 1979). 
Laminaria saccharina and L. hyperborea have a similar depth distribution when they 
are present together, but L. saccharina is adapted to sheltered habitats and unstable 
substrata, whilst L. hyperborea out-competes L. saccharina in exposed regions and/or 
stable substrata (Kain 1962, Kain 1971). At the southern limit of L. hyperborea, it may 
be replaced by Saccorhiza polyschides in shallow exposed regions (Kain 1979). 
However, the annuallifehistory of S. polys chides, and the ability of the L. hyperborea 
canopy to inhibitS. polyschides development (Kain 1975a), limits the occurrence of S. 
polyschides to ephemeral populations colonising spaces which become available in the 
sublittoral zone (Norton and Burrows 1969a). 
Descriptions of seaweeds associated with introduced populations of Undaria 
pinnatifida have been made in Brittany, France and the southern coast of England 
(Floc'h et al. 1991, Castric-Fey et al. 1993, Fletcher and Manfredi 1995). On rocky 
shores at St. Malo, U pinnatifida was found growing with the following seaweeds: 
Laminaria digitata, L. hyperborea, Halidrys siliquosa, Saccorhiza polyschides, 
Dictyopteris membranacea, Callophyllis laciniata, Cryptopleura ramosa, Kallymenia 
reniformis, Heterosiphonia plumosa, Dilea carnosa, Delesseria sanguinea, Plocamiun 
cartilagineum and Acrosorium uncinatum (Castric-Fey et al. 1993). In the Bay of 
Lampaul, Ouessant, U pinnatifida was associated with S. polyschides, L. digitata and 
Asparagopsis armata on mussel structures (Floc 'h eta!. 1991 ), and with Fucus spiral is 
136 
and Sargassum muticum on concrete floats in the Hamble Estuary, on the southern coast 
ofEngland (Fletcher and Manfredi 1995). 
Description of the vertical distribution of seaweeds at St. Malo, France indicated 
that Undaria pinnatifida was able to colonise areas not previously occupied by 
Laminaria digitata or L. hyperborea and was able to extend lower in the subtidal than 
the annuallaminarian kelp, Saccorhiza polyschides (Castric-Fey et al. 1993). These 
authors suggested that U pinnatifida was better adapted to low amounts of light than 
indigenous species and was competing for the same opportunistic ecological niche as S. 
polyschides. However, no distinction was made between the light requirements of the 
gametophyte or early sporophyte generations. Peak asexual reproduction of S. 
polyschides occurs during winter (Svendsen 1962, Norton and Burrows 1969a) 
compared to late spring-su.rllmer in U pinnatifida (Akiyama and Kurogi 1982, Floc'h et 
al. 1991 ). This periodicity of spore release would allowS. polys chides to colonise 
surfaces cleared by autumn and winter storms (Kain 1969), but the clearance of 
substratum during summer (either by storms or grazing) would favour colonisation by 
U pinnatifida. Saccorhiza polyschides has similar light requirements for gametogenesis 
as perennial species, but gains its competitive advantage over perennial species from 
rapid growth ofthe early sporophyte stage (Kain 1969, 1976c). The higher PFD 
requirements for gametogenesis and gametophyte growth in U pinnatifida (Chapter 5) 
would limit the recruitment to areas which have been cleared of competitors, and to 
unstable environments where new substratum is always available for colonisation. As 
observations of the vertical distribution of U pinnatifida were made by Castric-Fey et 
al. (1993) during autumn, the predominance of U pinnatifida in areas devoid of 
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competing kelp may reflect the colonisation by U pinnatifida of areas cleared during 
summer, rather than an adaptation of the gametophytes or sporophytes to low PFDs. 
6.3.2 Australia and New Zealand. 
In contrast to subtidal seaweed communities occuring in Europe and the eastern 
Pacific, subtidal seaweed communities of temperate Australia and New Zealand have 
comparatively few laminarian kelps (Schiel 1990). Dense beds of fucalean seaweeds 
dominate the shallow subtidal zone and stands of the laminarian kelp, Ecklonia radiata, 
grow at mid-subtidal depths (Shepherd and Womersley 1970, 1971, 1981, May and 
Larkum 1981, Choat and Schiel 1982, Schiel 1982). In New Zealand, regional 
differences in seaweed community structure are evident. The low intertidal-shallow 
subtidal region in southern New Zealand, is occupied by Durvillaea antarctica and D. 
willana, while Carpophyllum spp. dominate this zone in northwestern New Zealand 
(Schiel 1990). Fucalean species predominate to a depth of 8 m and E. radiata forms 
stands in both shallow and deep water throughout mainland New Zealand (Schiel 1988). 
However, E. radiata is absent from the Chatham Islands, where Lessonia tholiformis 
competes with fucalean species at depths of 1 to 6 m (Hay 1989, Schiel et al. 1995). 
Lessonia variegata may form dense stands below the zone occupied by Carpophyllum 
augustifolium in parts of northern New Zealand (Choat and Schiel 1982) and L. 
variegata and E. radiata form a dense kelp forest to a depth of approximately 7 m at 
Barrett Reef, inside the entrance of Wellington Harbour (Hay 1989). 
In their study of the seasonality of Undaria pinnatifida in Wellington, Timaru 
and Oamaru Harbours, Hay and Villouta (1993) described those seaweeds associated 
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with U pinnatifida. In Wellington Harbour, U pinnatifida colonises bare rock in the 
low intertidal, above the Carpophyllum maschalocarpum zone as well as cobbles and 
bare areas between stands of C. maschalocarpum and C. jlexuosum. Undaria 
pinnatifida was also associated with Codium dichotomum, Ulva sp., Culteria multifida, 
Aeodes sp., Gigartina sp., Kallymenia sp., Plocamium sp. and Grateloupia sp. In 
Timaru Harbour, U pinnatifida co-habited with Sargassum sinclairii, Macrocystis 
pyrifera, Cystophora scalaris, Desmarestia ligulata and species of Ulva, Scytosiphon, 
Gigartina, Iridaea, Schizoseris, Grateloupia, Myriogramme, Rhodophyllis and 
Plocamium. 
The vertical zonation of seaweed assemblages on the rocky coasts of South 
Australia has been described by Shepherd and Sprigg (1976) and Shepherd and 
Womersley (1970, 1971, 1976) and divided into three zones: the upper littoral zone, the 
mid-littoral zone and the lower littoral zone. The upper littoral zone extends to depths 
of 5-7 m on wave exposed coasts and 2-5 m in sheltered regions. This zone is 
dominated by Cystophora spp., Sargassum spp., Pterocladium spp., Corallina spp., 
Myriodesma harveyanum, Scytothalia dorycarpa, Zonaria sinclarii and Caulerpa 
brownii. The mid-littoral zone extends from 5-45 m depending on the degree ofwave 
exposure and water clarity. This zone is dominated by Sargassum spp., Cystophora 
spp., Caulerpa spp., Ecklonia radiata, S. dorycarpa and an understorey of assortment of 
small rhodophytes, including Plocamium spp., Kallymenia cribosa, Delisia hypneoides 
and Thamnoclonium dichotomum. Fucalean seaweeds dominate the top and middle 
regions of the mid-sublittoral, but Ecklonia radiata dominates the lower mid-sublittoral 
(16-30 m). The lower sublittoral (17-30 m) occurs in extremely wave exposed areas 
and contains a uniform rhodophyte community dominated by Rhodophyllis spp. and 
Thamnoclonium dichotomum (Shepherd and Womersley 1970). , 
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As for New Zealand, regional differences in seaweed zonation about the 
southern coast of Australia are apparent. Sanderson and Thomas (1987) concluded that 
seaweed zonation in the D'Entrecasteaux Channel, Tasmania was similar to that 
described for South Australia, but the upper subtidal zone was dominated by Durvillaea 
potatorum, Phyllospora cosmosa and Lessonia corrugata. Macrocystis pyrifera 
occured amongst Ecklonia radiata to moderate depths. At a more sheltered site (Fancy 
Point, Tasmania), a homogenous seaweeds community extended from ca. 1m to the 
edge of the sand at ca. 5 m. The seaweed community was dominated by Sargassum 
bracteolum, S. verruculosum, Cystophora retrojlexa, Caulocystis cephalornithos and 
Zonaria turneriana (Edgar 1983). 
Unlike the extensive beds of Macrocystis pyrifera growing from 10 to 20 m in 
the northeast Pacific (Aleem 1973), beds of M pyrifera about southern Australia and 
New Zealand are discontinuous (Rapson et al. 1943, Lindauer 1947, Cribb 1954, Hay 
1990b, Schiel and Nelson 1990). In the Chatham Islands, M pyrifera may form dense 
stands from 15 to 25 m (Schiel et al. 1995). Macrocystis pyrifera grows from 10 to 20 
m on the open coast of Otago (pers. obs.), and may form a dense canopy from <1 to 15 
min sheltered areas and regions subject to strong tidal currents (Kain 1982, Nyman et 
al. 1993, Watson 1991,pers. obs.). 
Studies of the distribution of Undaria pinnatifida in the Mercury passage, 
Tasmania found that U pinnatifida has the capacity to attach to a variety of substrata 
and tolerate a wide range of exposure to wave action (Sanderson 1990). In regions with 
slight water movement, U pinnatijida extended up to ML W, but in regions of moderate 
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water movement the upper boundary of U pinnatifida coincided with the lower limit of 
the fucalean kelp, Phyllospora cosmosa at ~6 m. In deeper water (8-10 m), large 
patches of U pinnatifida were found amongst Ecklonia radiata (Sanderson and Barrett 
1989). Macrocystis pyrifera is not present in the Mercury passage (ibid.) but is present 
from the middle sublittoral to the low sublittoral at moderately exposed sites in the near-
by D'Entrecasteaux Channel (Sanderson and Thomas 1987). Sanderson and Barrett 
(1989) therefore suggested that U pinnatifida may present a threat toM pyrifera in the 
D'Entrecasteaux Channel. 
From the previous descriptions of the vertical zonation of seaweed communities 
about Australia and New Zealand, and a knowledge of the vertical distribution of 
Undaria pinnatifida at sites of introduction, it is possible to infer which seaweeds would 
be associated with, and most likely to be competing with U pinnatifida. In sheltered, 
shallow waters with poor water clarity, the vertical distribution of U pinnatifida is 
limited from MLW to 5.5-7 m (Hay and Luckens 1987, Brown and Lamare 1994) and 
would be confined to depths occupied by fucalean seaweeds such as Carpophyllum spp, 
Sargassum spp. and Cystophora spp. In regions of shallow water and strong tidal 
current, U pinnatifida would occur with Macrocystis pyrifera, as is already apparent at 
Aquarium Point, Otago Harbour (pers. obs.). At wave exposed sites, the vertical 
distribution of U pinnatifida is depressed ( 6-12+ m; Sanderson and Barrett 1989) and 
would place U pinnatifida within a zone inhabited by Ecklonia radiata, M pyrifera, 
Carpophyllum spp. and Sargassum spp. At various sites about the New Zealand 
mainland and off-shore islands, U pinnatifida may also co-habit with Lessonia spp. 
such as L. variegata (mainland New Zealand) and L. tholiformis (Chatham Islands). 
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Although much of the available literature on kelp forest community structure 
concentrates on larger, canopy forming fucalean and laminarian kelps (Dayton 1985a, 
Schiel and Forster 1986, Schiel1990), the understorey of kelp forests comprises a 
diverse assemblage of seaweeds (May and Larkum 1981, Shepherd and Womersley 
1981, Santelices and Ojeda 1984). Several authors have suggested that Undaria 
pinnatifida may compete with other large laminarian and fucalean kelps (Hay and 
Luckens 1987, Castric-Fey et al. 1993, Hay and Villouta 1993), but U pinnatifida is 
more likely to compete with seaweeds occupying a similar ecological niche, such as 
annual or ephemeral seaweeds (Sanderson and Barrett 1989). Exclusion ofthe 
rhodophyte, Gigartina chapmanii by U pinnatifida may have occured on the south 
coast of Wellington, as cobble/ small boulder substrata (2m depth), which was 
previously colonised by extensive patches of G. chapmanii, now contain U pinnatifida 
(W. Nelson pers. com.). However, the seasonal phenology of C. chapmanii is uncertain, 
and the observed predominance of U pinnatifida may reflect seasonal variation in the 
relative abundance of seaweed species, rather than competitive exclusion. Nevertheless, 
competition between U pinnatifida and understorey seaweeds for substrata, nutrients 
and light may represent the major impact of U pinnatifida on indigenous benthic 
communities. Assessing the impact of U pinnatifida on understorey species is likely to 
be a major problem, as these species are more diverse, and less numerically dominant by 
individual species, than more conspicuous canopy forming kelps (W. Nelsonpers. 
com.). As with G. chapmanii, the seasonal phenology of many understorey species is 
unknown and many species have yet to be described. The impact of U pinnatifida on 
such seaweeds may therefore never be fully appreciated (Sanderson and Barrett 1989). 
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6. 3. 3 Echinoid grazing. 
Catastrophic disturbances associated with unusually severe storms and the 
establishment or disruption of stable sea-urchin barrens may have long-lasting effects on 
kelp forest communities (Dayton and Tegner 1984, Dayton 1985a). In northeast New 
Zealand an abundance ofthe sea-urchin, Evichinus chloroticus, is associated with there 
being few large brown seaweeds between ca. 5 and 10m (Dix 1970, Ayling 1981, 
Andrew and Choat 1982, 1985, Choat and Schiel 1982). However, E. chloroticus does 
not dominate extensive areas of the subtidal south of Wellington (Schiel 1990). Barren 
grounds ofrockflats or coralline flats may persist for at least 15 years (Ayling 1981, 
Scheibling 1986, Andrew and Choat 1982, Andrew 1988, Keats 1991), but the exact 
mechanism maintaining these areas in New Zealand, is not known (Andrew 1988). In 
the northern hemisphere, barren grounds are established by a change in echinoid feeding 
behaviour in response to increased echinoid density or a decrease in drift algae 
(Bernstein et al. 1981, Ebling et al. 1985, Harrold and Reed 1985, Vadas et al. 1986). 
Barren grounds may be maintained by relatively low densities compared to the 
threshold sea-urchin density required to create barren grounds (Leinaas and Christie 
1996), and the re-establishment of kelp forests generally follows widespread reductions 
in echinoid density via increased mortality due to predation or disease (Scheibling 1986, 
Scheibling and Raymond 1990, Watanabe and Harrold 1991, Skadsheim et al. 1995). 
The establishment of barren grounds therefore represents an extreme in the range of 
interactions between sea-urchins and seaweed communities (Schiel 1990). In regions 
where echinoid densities are incapable of establishing and/or maintaining barren 
grounds, the response of seaweed communities to sea-urchin grazing would be less 
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severe. Nevertheless, regular disturbance to seaweed community structure by echinoid 
grazing has been shown to maintain the presence of ephemeral seaweeds in patchy 
environments which are otherwise dominated by perennial kelps (Paine and Vadas 
1969, Duggins 1980, Cowen et al. 1982, Leinaas and Christie 1996). 
The implications of echinoid grazing to the establishment and maintenance of 
Undaria pinnatijida within subtidal seaweed communities are that regular grazing of 
patches within a stable stand of perennial kelps may allow U pinnatijida to invade and 
persist in a seaweed community. From their observations of U pinnatijida on the east 
coast ofNew Zealand, Hay and Villouta (1993) surmised that U pinnatijida may invade 
stands of perennial seaweeds when areas were cleared by storms, urchin grazing, 
pollution, or abrasion by gravel and sand. It is interesting to note that areas colonised 
by U pinnatijida in the Venice lagoon, Italy and Port Philip Bay, Australia occur in 
disturbed habitats, closely associated with high levels of dissolved inorganic nitrogen 
and the discharge of effluent (Curiel et al. 1994, S. Campbell pers. com.), suggesting 
that U pinnatijida may have a competitive advantage in disturbed eutrophic 
environments. Grazing of sporophytes and gametophytes by sea-urchins (Paracentrotus 
lividus, Evichinus esculentus and Psammechinus miliaris) and the abalone, Haliotis 
tuberculata, may have a negative effect on U pinnatijida colonisation (Floc'h et al. 
1991, Castric-Fey et al. 1993). However, Sanderson (1990) found that a patchy, but 
dense cover of U pinnatijida in the Mercury Passage, Tasmania, coincided with the 
presence ofthe echinoid, Heliocidaris erythrogramma. The distribution ofthe echinoid 
was correlated with wave exposure, such that sheltered regions had more echinoids, 
more bare substrata, and were colonised exclusively by U pinnatifzda, whereas wave 
exposed regions had a greater abundance of native seaweeds, fewer echinoids and 
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isolated individuals of U pinnati.fida. Although echinoid grazing may have had an 
inhibitory effect of the establishment of U pinnati.fida in regions where echinoid 
densities are high enough to establish and maintain barren ground, it is more likely that 
a moderate level of echinoid grazing would have a positive effect of the establishment 
and maintenance of U pinnati.fida, through regular clearance of patches for colonisation 
by U pinnati.fida and other ephemeral seaweeds. 
6.3.4 Reproductive strategy ofUndaria pinnatifida and competing seaweeds. 
It has already been established that echinoid grazing may be an important factor 
in determining the impact of Undaria pinnati.fida through the regular clearance of 
substrata for colonisation. However, successful colonisation of cleared substratum by 
U pinnatifida depends on its ability to out-compete other colonising seaweeds. Dayton 
et al. (1992) found that within kelp forest communities disturbances to the patch 
dynamics of the community were followed by the recovery of pre-existing species, but 
the boundaries of patches were not permanent and were maintained by competition for 
light and the availability of reproductive propagules. A more recent study by Leinaas 
and Christie (1996) confirms that the pattern and outcome of seaweed colonisation are 
influenced by the proximity of mature perennial seaweeds to cleared areas, their relative 
abundance, dispersal capabilities, and the degree and regularity of disturbance. 
Zoospores of U pinnatifida do not disperse far from the parent seaweed (Arakawa and 
Morinaga 1994 ), but the high PFD requirements for gametophyte growth and 
reproduction in U pinnati.fida (Chapter 5), may ensure vegetative growth under the 
canopy and enhanced fecundity when the gametophytes become fertile in response to 
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clearance of the seaweed canopy by storms and grazing. Fertile U pinnatifida 
sporophytes were present throughout the year in Carey's Bay and recruitment occured in 
autumn, winter and summer (Chapter 4). Comparison with the reproductive phenology 
of other large brown seaweeds growing in New Zealand indicates that U pinnatifida 
recruitment from May to September occurs when other seaweeds are fertile, but not 
recruiting (Figure 35). Clearance of the seaweed canopy from May to September would 
therefore result in recruitment of only U pinnatifida. However, clearance of bare 
substratum (including the gametophyte generation) throughout the year would result in 
the settlement of an assemblage of reproductive propagules whose species composition 
would depend on the time of year the clearance occured. The successful colonisation of 
bare substratum, by a particular species, would therefore depend upon the availability of 
reproductive propagules and their rate of development. 
The reproductive strategy of laminarian and fucalean seaweeds differs with 
respect to the abundance and survivorship of microscopic propagules (Table 25). In 
laminarian kelps, millions of zoospores are released from the sporophylls (Anderson and 
North 1966, Kain 1975b, Chapman 1984, Joska and Bolton 1987), but the recruitment 
of the sporophyte generation requires maturation of the gametophyte, syngamy of 
gametes and development of the zygote. In some fucalean seaweeds, the eggs are 
fertilised while still attached to the receptacles and develop to an advanced stage of 
development before they detach from the parent plant (Dawson 1940, Naylor 1953, 
Norton and Fetter 1981, Norton 1981). Although the potential recruitment of 
laminarian kelps is greater than fucalean seaweeds, the larger size, advanced 
development and higher survival rates of fucalean germlings may give fucalean 
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Figure 35: Comparison between the reproductive phenology of common large 
brown seaweeds in New Zealand shallow subtidal seaweed populations, and 
Undaria pinnatifida within Carey's Bay. Modified from Schiel (1988). Original data 
from Schiel (1981) and Novaczek (1984). -~ 0\ 
Table 25: Comparison of the abundance of various life stages in a fucalean seaweed 
(Sargassum sinclairii) and laminarian seaweed (Laminaria longicruris). Data from 
Schiel (1988) and Chapman (1984). Values shown are in m-2 year·'. 
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Sargassum sinclairii Laminaria longicruris 
Potential numbers of eggs ~2 X 10 4.5 X 10 
Benthic recruits 3 X 104 9 X 106 
Visible recruits 103 1-10 
Adults -102 ~1 
6.4 FUTURE RESEARCH AND CONTROL OF UNDARIA PINNATIFIDA. 
The considerable spatial and temporal variation of community structure in 
subtidal seaweed communities (Dayton 1985a) requires that an assessment of the causes 
of seaweed distribution and abundance involves rigorous hypothesis testing through 
appropriate experimental design and data analysis (Foster 1990). Even if the presence 
of Undaria pinnatifida is shown to coincide with changes to seaweed community 
structure and species composition, inadequate replication may negate the wider 
implications of small scale quantitative surveys. 
Previous research on Undaria pinnatifida has involved laboratory studies of the 
ecophysiology or descriptive studies of the distribution of naturalised populations (Saito 
1956, Akiyama 1965, Boudouresque et al. 1985, Hay and Luckens 1987, Curiel et al. 
1994, Fletcher and Manfredi 1995). These studies have generated much discussion 
concerning the potential spread, establishment and impact of U pinnatifida on native 
148 
seaweed communities (Hay 1990a, Floc'h et al. 1991, Castic-Fey et al. 1993). However, 
no effort has been made to determine the impact of U pinnatifida through experimental 
manipulation or the use of statistical analysis to address specific hypotheses regarding 
the impact of U pinnatifida on native seaweed communities and community structure. 
Such an approach would be most beneficial. 
This study provides a description of the seasonal phenology of Undaria 
pinnatifida in Carey's Bay, and suggests several physiological adaptations which may 
account for the observed behaviour of U pinnatifida at its various sites of introduction. 
However, other areas of research require immediate attention, such as sporogenesis, 
spore release and spore dispersal. Previous studies on other kelp species may be applied 
to U pinnatifida (Anderson and North 1966, Joska and Bolton 1987, Fredriksen et al. 
1995, Kendrick and Walker 1991, 1995). A major problem impeding the assessment of 
the ecological impact of U pinnatifida in New Zealand, is an inadequate appreciation of 
existing seaweed assemblages and seaweed community structure. Without quantitative 
surveys of existing seaweed communities, there is no precedent upon which future 
observations of the impact of U pinnatifida can be based. It is therefore imperative that 
likely sites of U pinnatifida introduction be identified and quantitative surveys be 
completed at these sites to provide a data-base for future comparison. 
The introduction of Undaria pinnatifida to Stewart Island has raised several 
issues concerning the spread of U pinnatifida about New Zealand. The inclusion of U 
pinnatifida zoospores in mussel spat collected from the Marlborough Sounds represent 
an effective means of dispersal about the Marlborough Sounds, and to other regions of 
mussel mariculture (Golden Bay, Coromandel, Stewart Island). To prevent further 
spread of U pinnatifida about New Zealand, the transportation of contaminated mussel 
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spat to regions without U pinnatifida needs to be regulated. Although U pinnatifida is 
able to spread as a fouling organism of ships, barges and buoys, it is unlikely that 
maritime traffic can be policed in such a manner as to prevent the spread of U 
pinnatifida by this means. However, public education and a greater public awareness of 
the potential impact of U pinnatifida on marine ecosystems, may motivate persons 
involved in marine activities to prevent fouling of their vessels and enable more 
effective monitoring of U pinnatifida about the New Zealand coastline. 
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Appendices 
7.1 APPENDIX A: List of species observed during SCUBA dives at Carey's Bay, Otago 
Harbour, 1993-1995. 
The classification of algae is according to van den Hoek eta!. (1995) and classification of 
animals is according to Barnes (1980). 
KINGDOM: Protoctista 
DIVISION: Chlorophyta 
Bryopsis plumosa (Hudson) C. Agardh 
Bryopsis vestita J. Agardh 
Cladophora feredayi Harvey 
Codiumfragile (Suringar) Hariot ssp. novaezelandiae (J. Agardh) Silva 
Enteromorpha compressa (Linnaeus) Nees 
Percursaria percursa (C. Agardh) Rosenvinge 
Rhizoclonium implexum (Dillwym) Kuetzing 
Spongomorpha pacifica (Monatagne) Kuetzing 
Ulva rigida C. Agardh 
DIVISION: Heterokontophyta 
CLASS: Phaeophyceae 
Culteria multifzda (Smith) Grevile 
Desmarestia ligulata (Lightfoot) Lamoureux 
Macrocystis pyrifera (Linnaeus) C.Agardh 
Ralphsia verrucosa (Areshoug) J. Agardh 
Sargassum sinclairii Hook f. et. Harvey 
Scytosiphon lomentaria (Lyngbye) Link 
Sporochnus stylosus Harvey 
Undaria pinnatifzda (Harvey) Suringar 
DIVISION: Rhodophyta 
Ceramium apiculatum J. Agardh 
Ceramium tasmanicum (Kuetzing) Womersley 
Dasya collabens Hook. f. et Harvey 
Deucalion levringii (Lindauer) Huisman et Kraft 
Gigartina apoda J. Agardh 
Gigartina livida (Turner) J. Agardh 
Gloioderma saccatum (J. Agardh) Kylin 
Griffthsia crassiuscula C. Agardh 
Laingia hookeri (Lyall) Kylin 
Lenormandia chauvinii Harvey 
Lomentaria umbellata (Hook f. et Harvey) Yendo 
Medeiothamnion lyalli (Harvey) Gordon 
Myriogramme denticulata (Harvey) Kylin 
Perithamnion ceramoides J. Agardh 
Phycodrys quercifolia (Bory) Skottsberg 
Plocamium microcladioides South et Adams 
Polysiphonia abscissoides Womersley 
Polysiphonai brodiaei (Dillwyn) Sprengel 
Polysiphonia sertularioides (Grateloup) J. Agardh 
Pugetia delicatissima Norris 
Rhodymenia dichotoma Hook. f. et Harvey 
Rhodymenia leptophylla J. Agardh 
Rhodomenia foliifera Harvey 
Sarcodia jlabellata Levring 
Schizoseris dichotoma (Hook. f. et Harvey) Kylin 


































































































Notolabrus miles Guvenile) 
Notoclinops segmentatus Guvenile) 
Leptonotus elevatus 
Leptonotus norae 
Parilm scaber Guvenile) 





7.1.1 References used for classification and identification of genera and species. 
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N a2EDT A ( ethy lenediaminetetraacetate) 
metal mix (a) 
vitamin mix (b) 
Add to 1L of sterilised seawater 


















FeCl3.6 H20 in 100 mL distilled H20. 
Na2Mo04.2 H20 in 100 mL distilled H20. 
Na2EDTA.2 H20 in 100 mL distilled H20. 
Add 25 mL (4) to 2.5 mL (1), (2) and (3) and 200 mL of distilled H20. Adjust PH to 7.5 
with NaOH and make up to 250 mL. 
b. Vitimin Mix 
5 mg B12 in 50 mL H20 
5 mg biotin in 50 mL H20 
50 mg thiamine HCl in 50 mL H20 
Add 1 mL of each solution b to 100 mL of distilled H20. 
187 
7.3 APPENDIX C: Seasonal frond growth rate and sporophyll development of tagged 
sporophytes. 
7. 3.1 Introduction. 
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Although seasonal changes in U pinnati.fida morphology are largely the product of 
seasonal variation in the rates of stipe and blade growth, the effects of sporophyll 
development on the growth and morphology of U pinnati.fida evident in chapter 3 may 
reflect ontogenetic factors rather than the direct modulation of the growth rates and 
morphology by the environment. To determine the importance of age and reproductive 
development on the growth of U pinnati.fida, frond length, sporophyll weight were 
compared to the age (days after tagging) of sporophytes throughout the year. By tracing the 
growth and development of monthly cohorts, differences in the growth rate or development 
could be attributed to seasonal changes in the environment. Likewise, differences in 
growth rate which did not correspond to a change in reproductive development (sporophyll 
weight) could be interpreted as indicating a direct respose to seasonal environmental 
change. 
7.3.2 Method. 
Lanceolate juveniles (Figure 13B) were tagged with insulation tape, monthly from 
June 1994 to January 1995 in Carey's Bay, Otago Harbour, and harvested after growth 
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intervals ranging from seven to 244 days. Frond length of harvested sporophytes was 
measured and the rate of frond growth estimated for the growth phase (0-1 00 days) from a 
linear regression between frond length and days after tagging. Growth rates were compared 
via analysis of covariance using the statistics package, Teddybear (Wilson 1975). 
7. 3. 3 Results. 
Analysis of covariance between frond length and the number of days after tagging 
supported division into three groups: June to July, August, and September to January (p = 
0.05, Figure 1). Frond growth rates of these groups were significantly different (P = 0.01), 
and were characterised by maximal rates of 0. 99 ± 0.11 em day -1 during June and July 
(Figure 1A), decreasing to 0.60 ± 0.11 em -1 for August (Figure 1B) and a minimum rate 
of0.20 ± 0.03 em day -1 from September to January (Figure 1C). Seaweeds tagged during 
June-July attained the greatest frond length and sporophyll weight (Figure 2A) in contrast 
to decreasing frond length and sporophyll development exhibited by seaweeds tagged from 
August to January (Figure 2B-D). Maximum frond length was attained at approximately 
100 days after tagging, after which time frond length was observed to decrease. This trend 
was most evident in sporophytes tagged during June and July (Figure 1A), and less evident 
in sporophytes tagged during August (Figure 1B). Sporophytes tagged from September to 
January did not show any appreciable decrease in frond length after 100 days (Figure 1 C). 
Sporophyll development was initiated in seaweeds as small as 20 em, regardless of whether 
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they were tagged in winter or spring-summer (Figure 2). From Figure lA, it is estimated 
that the maximum longevity of Undaria pinnatifida in Carey's Bay is about 250 days. 
7. 3. 4 Discussion. 
Reduced frond length 1 00 days after tagging was evident in sporophytes tagged 
during June and July, and to a lesser extent August. This reduction on frond length 
corresponded to a high proportion of sporophyllous seaweeds and may indicate a time to 
maturity, after which sporophyte senescence occurs due to the onset of reproductive 
development. However, a period of 100 days after tagging corresponds to rising sea water 
temperatures occurring from September to November and the period of maximal spore 
release (pers. obs.). A decease in frond length may therefore reflect the direct effects of 
rising temperatures on meristematic activity within the blade and stipe of U pinnatifida, or 
reflect the differential allocation of resources to spore release rather than growth. It is still 
questionable whether the onset of senescence is under exogenous (environmental) or 
endogenous control. Indeed, the growth and reproduction of U pinnatifida may even 
involve both exogenous and endogenous factors whereby environmental and endogenous 
cues combine to regulate s.omatic and reproductive development. Nevertheless, the growth 
rate of U pinnatifida tagged from June to August was curtailed in Carey's Bay 
approximately 100 days after tagging, either by the onset of reproductive development or 
the direct effects of environmental factors such as nutrients and temperature. Unlike 
sporophytes tagged from June to August, sporophytes tagged during spring and summer 
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(September-January) exhibited low growth rates and reproductive effort. Reduced growth 
rates occurred regardless of whether sporophytes were sporophyllous or not, suggesting that 
the reduced growth rate of sporophytes tagged from September to January was related to 
factors other than reproductive development. 
Frond growth rates calculated from tagged sporophytes were 0.2-0.99 em day-1. 
These values are comparable to the seasonal range of positive frond growth rate calculated 
in chapter 2 (0 .1-1. 07 em day-1 ), but reflect differences between the growth rate of monthly 
cohort rather than seasonal changes in the growth rate of seaweeds of a similar age and 
stage of development, as occurs in chapter 2. It is likely that the sporophytes harvested in 
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Figure 1: Relationship between frond length and days after tagging of Undaria 
pinnatifida sporophytes tagged in June-July (A), August (B) and September-
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Figure 2: Relationship between sporophyll development and frond length of 
Undaria pinnatifida sporophytes tagged in June-July (A), August (B), September 
(C) and October-January (D). 
